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Abstract 
The fundamental understanding of hydrophobic interactions and forces between 
hydrophobic (water-repellent) surfaces in water is central to many areas of daily 
activities in many industries. Examples are broad and range from dissolving oily drugs 
into aqueous solutions for delivery to the body to the coalescence or aggregation of 
air bubbles, droplets and solid particles dispersed in water. Recent studies show 
controversial effects of dissolved (hydrophobic) gases in the water on hydrophobic 
forces. This PhD project aims to further investigate the role of dissolved gases in 
hydrophobic interactions. The concentration of dissolved gases in water can be 
controlled using inorganic salt solutions, which possess different levels of gas solubility 
at different salt concentrations. The use of salt solutions can reduce the effect of the 
electrical repulsion between charged surfaces in water, allowing a better quantification 
of hydrophobic forces. Atomic Force Microscopy (AFM), with surface force 
measurement and surface imaging abilities, was used to study the interaction between 
hydrophobic surfaces. Force measurements were carried out in salt solutions and 
were quantified by comparing experimental data with the classical theory of colloid 
stability. The electrical double-layer force was quantified using numerical solutions of 
the Poisson-Boltzmann equation. Van der Waals forces were calculated by applying 
the Lifshitz-Hamaker theory, which is based on quantum mechanics. It was 
hypothesised that dissolved gases would accumulate at the interface between water 
and hydrophobic surface in the form of dense gas layer changing the structure of 
interfacial water molecules and their hydrogen bond network, and cause the 
hydrophobic attraction. The research also examined the effect of dissolved gases on 
the force between hydrophobic surfaces in various salt types including NaCl, LiCl, KCl, 
and CsCl. The results showed that increasing salt concentration, or equivalently 
decreasing gas solubility, decreased the range and magnitude of the force between 
hydrophobic surfaces. The behaviour was found to be consistent across different salts 
tested. There is limited evidence of the presence of an interactive force between 
hydrophobic solid surfaces in non-aqueous solutions. The interaction between 
hydrophobic surfaces was also studied in non-aqueous solutions including formamide 
and dimethyl sulfoxide (DMSO). The AFM force measurement results showed that 
there is a short-range attractive force between the hydrophobic solid surfaces in 
formamide, while no attraction was found in the DMSO solution. However, an attractive 
force was observed between the hydrophobic solid surfaces in DMSO solutions mixed 
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with water at 50-50% and 25-75% DMSO-water mixtures. The results suggested that 
the solution bonding structure and the presence of dissolved gas molecules affect and 
control the interaction between the hydrophobic solid surfaces. This research provides 
further evidence that the short-range attraction between hydrophobic surfaces is 
affected by the presence of dissolved gases. The recommendations for future 
research include: studying the hydrophobic interactions in non-aqueous solutions, 
using ellipsometry to study the possibility of interfacial gas enrichment, using capillary 
tube and high speed camera to study hydrophobic interactions and effect of dissolved 
gases, and using in-situ surface enhance Raman spectroscopy to probe the possibility 
of presence of gas layer in the vicinity of hydrophobic surface. 
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1.1. Hydrophobic interactions 
Hydrophobic interactions are of crucial importance in many fields and 
industries, from biotechnology to mineral processing and waste management 
including recycling. Some examples include protein folding, oil droplets dissolving in 
water, bubble-particle attachment in flotation, slippage of water over a hydrophobic 
surface, micelle formation, and the strong attractive force between hydrophobic 
surfaces. However, their origin and mechanism are still poorly understood. In 
particular, several phenomena associated with hydrophobic interactions have been 
observed during surface forces measured between hydrophobic surfaces, which 
cannot be described using well-established Derjaguin–Landau–Verwey–Overbeek 
(DLVO) theory.  The problem of non-DLVO attractive forces between hydrophobic 
surfaces deserved significant scientific effort reflected in a comprehensive body of 
experimental and theoretical literature published in the area in the last 50 years.  
Several  theories have been proposed to describe the hydrophobic interaction, 
its mechanism and affecting parameters. Yet there has been no universal agreement 
on a mechanism by which hydrophobic interactions translate into the observed surface 
and intermolecular forces.  
1.2. Research objectives 
 The aim of this PhD was to study the role of dissolved gases in hydrophobic 
interactions. Specifically, it aims to employ Atomic Force Microscopy (AFM) for 
determining the interaction forces between hydrophobic solid surfaces and their 
surface morphology.  
The detailed objectives included: 
- Studying the hydrophobic attractive forces between hydrophobic solid surfaces 
by means of Colloid Probe Force measurement using the Atomic Force 
Microscope (AFM). 
- Developing an extended DLVO model to predict the experimentally observed 
surface forces measured between hydrophobic surfaces. 
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- Investigating the possibility of Interfacial Gas Enrichment (IGE) in the form of a 
Dense Gas Layer (DGL) on hydrophobic surfaces as a possible mechanism 
responsible for long-range attraction between hydrophobic surfaces. 
- Utilising AFM imaging to better analyse the interacting surfaces and for 
assisting with data interpretation. 
- Studying the effect of dissolved gas content on hydrophobic interactions by 
aqueous solution aeration and studying the surface force interactions in 
different aqueous solutions of different gas contents. 
- Utilising concentrated salt solutions to control the content of dissolved gases in 
the aqueous solutions by changing the salt concentration and studying the 
surface force interactions in solutions of different dissolved gas contents. 
- Studying the interactive surface forces in different salt-type solutions to 
investigate the effect of salt types on controlling the dissolved gas content of a 
solution. 
- Studying the hydrophobic interactions in protic and aprotic non-aqueous 
solutions and comparing the results with the results obtained using aqueous 
solutions. 
 
1.3. Structure of the Thesis 
This Thesis is structured into seven chapters. Chapter One includes the 
analysis of knowledge gaps and the outline of thesis’ research objectives. Chapter 
Two presents a critical review of literature in the area of non-DLVO attractive forces 
between hydrophobic forces and the role dissolved gases play in these interactions. 
Chapter Three explains the experimental technique and mathematical modelling as 
well as materials and methodologies used in this study. Chapter Four describes a 
study of the attractive forces between hydrophobic surfaces in salt solutions in the 
presence of dissolved gases. Chapter Five includes the experimental and theoretical 
study of the short-range attractive force between hydrophobic surfaces in different salt 
types and concentrations to study both the role of dissolved gases and explore the 
mechanism of the hydrophobic interactions. Chapter Six presents the study of the 
hydrophobic interactions in non-aqueous solutions. Finally, concluding remarks and 
recommendations for future works are presented in Chapter Seven. 
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Chapter 2 
 
The Effect of Dissolved Gases on the Short-Range Attractive Force 
between Hydrophobic Surfaces: A Critical Review 
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2.1. Abstract 
Hydrophobic interactions are known to have an unknown origin and 
mechanism. The origins and mechanisms of short-range non-DLVO attractive force 
between hydrophobic surfaces has been reviewed and scrutinised. Dissolved gases 
have shown to be a crucial parameter in determining the attractive force between 
hydrophobic surfaces. This chapter reviews the proposed theory regarding the 
attractive forces between hydrophobic surfaces with the effect of dissolved gases. 
Experimental evidence of the presence of the short-range attractive forces between 
hydrophobic surfaces and the effect of dissolved gases is discussed. It is suggested 
that the attractive forces between hydrophobic surfaces are divided into two 
categories: long-range forces and short- range forces. Long-range forces are well 
known and documented to primarily originating from nanobubble capillary bridging 
forces, which are due to the accumulation of nanobubbles near hydrophobic surfaces. 
Short-range forces, however, seem to be more sophisticated and their origin and 
mechanism are not well understood or established. Dissolved gases seem to affect 
the short-range attraction between the hydrophobic surfaces. It is suggested that 
interfacial gas enrichment (IGE), which is shown to cover hydrophobic surfaces in 
water as well as the change in water structure, are responsible for the attractive force 
between hydrophobic surfaces. However, further theoretical and experimental studies 
are still required to investigate and support this model. 
Keywords: Hydrophobic, Attractive force, AFM, Short-range, dissolved gases 
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2.2. Introduction 
Strong attractive forces between hydrophobic surfaces play an important role 
in a wide range of phenomena; from protein aggregation to bubble-particle interaction 
in separation processes. The interaction between the particles and bubbles in flotation 
is an example of such phenomena that cannot be explained by the available traditional 
theory of DLVO (Derjaguin–Landau and Verwey–Overbeek) for surface forces. The 
van der Waals (vdW) and the electrical double-layer (EDL) interaction forces between 
the particles and air bubbles in flotation are repulsive and, according to the DLVO 
theory, the attachment between the mineral particle and the air bubble should not 
occur (Nguyen et al. 2003).  
However, the attachment occurring between mineral particles and air bubbles 
in flotation systems indicates that there should be another attractive force to overcome 
both the repulsive van der Waals and electrical double-layer forces and make the 
attachment happen. Hence, the existence of ‘hydrophobic forces’ has been postulated. 
The hypothesis was tested when surface force measurement techniques were 
developed.  Since early studies on hydrophobic interactions, many researchers have 
tried to explain the unknown nature of attractive hydrophobic interactions. 
One of the first experimental studies on the estimation of hydrophobic forces 
was carried out by Blake and Kitchener (1972). During this study, they estimated a 
long-range attractive force of 64 nm, as a non-DLVO force, by observing the rupture 
of an aqueous intervening film between a bubble and a hydrophobic surface.  After the 
first directed measurement of hydrophobic forces by Israelachvili and Pashley (1982), 
the study in this area changed, and it was understood that the nature of hydrophobic 
interactions was even more sophisticated than initially considered (Meyer et al. 2006). 
After researchers became able to measure surface forces, the fact that different 
research and measurements resulted in different results added to the complexity of 
the unknown nature of the hydrophobic forces. 
The results were counterintuitive and contradicting. After that, studying forces 
between hydrophobic surfaces deserved attention from many research and much 
debate has eventuated. Investigations have highlighted the complexity and challenges 
of the research in this field. Experimental control became an important issue when it 
became apparent that a number of different mechanisms were possible and were 
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acting concomitantly. Furthermore, theoretical interpretation to elucidate mechanisms 
of forces between hydrophobic surfaces found to be a sophisticated challenge. 
Despite significant efforts, no comprehensive unified model was suggested to 
describe and explain all surface interactions. It is clear though that no single theory or 
physical explanation can describe and account for all hydrophobic attractive forces. 
Disagreement among the scientists and debate on proposing a theory to describe 
hydrophobic forces remains open and active. 
The complexity of the attractive forces on hydrophobic surfaces is a major 
challenge in studying and understanding hydrophobic interactions. Many different 
variables have been found to affect hydrophobic interactions; yet, the mechanisms are 
not well understood. Dissolved gases, for instance, are one of these variables that 
seem to affect the interaction between hydrophobic surfaces. However, there are still 
uncertainties as to how dissolved gases affect the forces between hydrophobic 
surfaces.  
The aim of this chapter is to review the major suggested models and 
mechanisms explaining the effect of dissolved gases on the attractive force between 
hydrophobic surfaces and discuss the evidence of the presence of the short-range 
attractive force between hydrophobic surfaces. Comparing earlier studies in this field 
with the more recent findings shows the gap in the knowledge, and can direct us to a 
better understanding of the hydrophobic interactions.   The effect of dissolved gases 
on the short-range attractive force between hydrophobic forces and the possible 
mechanism are discussed. 
 
2.3. Theories and explanations about the short-range force between 
hydrophobic surfaces 
Since the first direct measurements of the hydrophobic force by Israelachivli 
and Pashley (1982), many people have tried to suggest a theory to account for the 
mechanism of the hydrophobic interaction forces. There have been many proposed 
theories to explain the mechanism of hydrophobic forces. However, no consensus in 
a single theory explaining the mechanism of hydrophobic forces has been accepted 
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among researchers in this field to date. Some of the most important proposed theories 
include: 
Entropic origin, arising from the configurational rearrangement of the (vicinal) 
water molecules between the hydrophobic surfaces; According to this theory, 
hydrophobic forces are entropic driven and are caused by the configurational 
rearrangement of water molecules (Israelachvili and Pashley 1984, Claesson et al. 
1986, Eriksson et al. 1989). Water structure can be affected by the presence of other 
molecules or ions. The presence of a nonpolar solute on the hydrophobic surface can 
disrupt the water structure. The hydrogen bond between the water molecules can be 
affected by the introduction of a nonpolar solute. The hydrogen bonds are reoriented 
due to such disruption, which results in the limitation of the mobility of water molecules 
and reduces the degree of freedom for the neighbouring water molecules. Therefore, 
the water molecules form an “iceberg” around the nonpolar surface (Nguyen and 
Schulze 2003). The rearrangement of the water molecules changes the structure of 
hydrogen bonds near the hydrophobic surface compared to the bulk water. Such 
entropic effect, as a result of surface perturbation of the dynamic water molecules, can 
cause a strong attractive force on the surface. Eriksson et al. (1989) presented a 
theoretical description of the hydrophobic attractive force based upon the structural 
rearrangement of water molecules near to the hydrophobic surface. However, this 
theory was challenged that it did not address and described the extended longer range 
of hydrophobic attractions.  It seems that the presence of dissolved gas molecules in 
the solution can explain this phenomenon. Recently, molecular dynamic simulation 
has helped to explore this mechanism (Peng et al. 2013). Furthermore, hydrophobic 
hydration is proposed to describe the interaction of a solute or surface with water 
(Yaminsky and Vogler 2001). The presence of hydrophobic substance dispersed, 
which is not capable of making hydrogen bonds with water molecules, affects the 
water structure and hydrogen bonding structure of water. Therefore, the size and 
number of these disturbing solutes can determine this effect. As a result, the content 
of dissolved gas molecules in the solution would determine this effect of 
“hydrophobicity” on the surface.   
Bridging submicron bubbles (Parker et al. 1994, Attard 1996, Hampton and 
Nguyen 2010, Lohse and Zhang 2015) refers to the nanobubble bridging capillary 
force (NBCF) and is one of the theories which is proposed to account for the long-
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range hydrophobic attractive forces (Hampton and Nguyen 2010). Blake and Kitchener 
(1972) reported the first experimental evidence and estimation of hydrophobic forces 
and estimated a long-range attractive force of 64 nm. However, the mechanism for 
such a long-range attractive force was not clear and the discussion to explain the long-
range hydrophobic attractive forces remained active. Research in explaining the 
mechanism of long-range hydrophobic attractive force resulted in the discovery of 
nanobubbles and the nanobubble bridging capillary force (Hampton and Nguyen 
2010). The nanobubble bridging capillary force is the result of bringing two 
hydrophobic surfaces together, whereby the coalescence of nanobubbles at the 
surfaces forms a gaseous capillary bridge and results in a capillary force. The 
nanobubble bridging capillary force was considered to be the prevailing hydrophobic 
force and the theory that hydrophobic attractive forces originate from the bridging of 
submicron bubbles were proposed. However, it is now understood that the presence 
of nanobubbles and dissolved gases at the liquid–solid interface of the hydrophobic 
surfaces caused the attractive force being measured; known as the nanobubble 
bridging capillary force. Yakubov et al. (2000) studied the long-range attraction on the 
surface using hydrophobized silica surfaces. They reported that the jump-in attraction 
ranges are smaller for the primary approaches, and increase before reaching a steady-
state value after the later approaches. They indicated that hydrophobic attractions are 
closely related to the formation of long-life sub-micro cavities between surfaces. This 
long-range attractive force, however, is not a true hydrophobic interaction and is not 
directly related to the hydrophobicity. This theory had some advantages, which 
resulted in getting credit among researchers after it was proposed. In particular, it 
could describe the very long-range attractions in several experimental studies and 
force measurements reported in the literature; attributing the long-range hydrophobic 
attractive forces to the capillary bridging forces between the nanobubbles on the 
hydrophobic surfaces. The reported ranges of this attraction are typically long and can 
even be extended to very long-range attraction, which goes up to a few hundred 
nanometres. However, it was later understood that the nanobubble bridging capillary 
force is an indirect effect of hydrophobicity and is not an actual hydrophobic attraction. 
In many studies, a short-range attraction on the surface was found to be from a 
different origin and not caused by the nanobubble bridging capillary force. Studies on 
force measurement between hydrophobic surfaces in degassed solutions showed that 
the range of the hydrophobic attraction would decrease, but there still exist a short-
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range attraction larger than the expected van der Waals (vdW) attraction on the 
surface. It can be understood that hydrophobicity contributes to the direct effect on 
attractive hydrophobic forces on the surface. In contrast, nanobubble capillary bridging 
forces are not caused directly by the surface hydrophobicity but can be the indirect 
effect of surface hydrophobicity. Therefore, nanobubble capillary bridging forces could 
be classified in a different category and not as the hydrophobic attractive force. 
Separation-induced phase transition (cavitation), cavitation, or out of contact 
evaporation, is a long-range attractive force proposed by several authors (Rabinovich 
et al. 1982, Yaminsky et al. 1983, Christenson and Claesson 1988, Bérard et al. 1993, 
Craig et al. 1993, Yaminsky and Ninham 1993, Wood and Sharma 1995, Craig et al. 
1999, Stevens et al. 2005). Such forces are of long-range and come from a capillary 
origin. These forces are caused by the vapour bubble formation between the 
hydrophobic surfaces as the surfaces approach and are brought together (Rabinovich 
et al. 1982). Dissolved gases can accumulate on the hydrophobic surfaces. After 
hydrophobic surfaces contact, there is a possibility of formation of gas vapour/bubbles 
on the surface. These cavities are formed from the existing dissolved gas molecules 
in the solution. Cavitation of the gas vapour on the surface can then result in an 
additional capillary bridging force on the surface. However, this force is not a direct 
and actual hydrophobic force, similarly to the nanobubble capillary bridging force.  
It can be understood from the proposed theories that the attractive surface 
forces, known to date as hydrophobic forces, are a combination of a long-range 
attractive force and a short-range attraction (Hato 1996, Christenson and Yaminsky 
1997, Meyer et al. 2006). However, the long-range attraction is not truly a hydrophobic 
force and is caused by a mechanism, which is not necessarily related to the surface 
hydrophobicity. This longer-range attractive force could be categorised differently to 
the short-range strong hydrophobic attractions with its mechanism and origin being 
explained separately. However, the short-range attractive force is not very well 
established and understood with the available knowledge and evidence in this field. 
Among the available theories on the mechanisms of the short-range attractive force 
between hydrophobic surfaces, the mechanism IGE and change in water structure 
near hydrophobic surface stand out. Dissolved gases show to be a crucial parameter 
and are determining factors in both mentioned mechanism. Further experimental and 
theoretical investigations seem crucial to explore this hypothesis. 
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Comparison of the earlier studies with the more recent research in this field is 
essential. Earlier theories describing hydrophobic interactions were limited due to 
experimental difficulties as well as less developed theoretical and simulation methods.  
Better environmental controls, experimental techniques and theoretical methods have 
been crucial in developing conclusions that are more confident in revealing the 
sophisticated origin of hydrophobic interactions. It is necessary to highlight that 
controlling dissolved gases in experimental studies is a very challenging task, so 
challenging that it remains a primary area of criticism for many studies in this area. 
Interfacial Gas Enrichment (IGE) is shown to cover hydrophobic surfaces in 
water. Recently, the idea has been supported by molecular dynamic simulation and 
AFM data (Dammer and Lohse 2006, Van Limbeek and Seddon 2011, Weijs et al. 
2012, Peng et al. 2013, Peng et al. 2013). Formation of a Dense Gas Layer (DGL) 
(Peng et al. 2013) on the hydrophobic surface can be responsible for the strong 
attraction between the hydrophobic surfaces. It has been reported in many papers that 
there exist an attraction of short-range between hydrophobic surfaces, which is still 
considerably stronger and longer-range in comparison with the expected van der 
Waals (vdW) force between the surfaces. However, the attractive force can be the 
extended vdW force between the gas layers. It is well documented that the 
nanobubbles and dissolved gases accumulate near the hydrophobic surfaces. 
Nucleation of gas close to the hydrophobic surface, due to the presence of dissolved 
gases, can also help accumulation of dissolved gases near hydrophobic surfaces. 
Accumulation of dissolved gases near hydrophobic surfaces can result in IGE and 
formation of a DGL on hydrophobic surfaces (Peng et al. 2013). Experimental and 
theoretical evidence for this more recently proposed theory is still limited. Hence, the 
presence and height of this gas layer are still under debate. This theory suggests that 
dissolved gases are a crucial factor in determining the short-range attractive force 
between hydrophobic surfaces. It is reported that the number of gas molecules could 
determine the formation of gas domains on the surface (Peng et al. 2013). They 
observed different gas domains of aggregates, cylindrical caps, and DGL by 
increasing the number of gas molecules. Furthermore, the height of DGL changes with 
changing numbers of dissolved gas molecules in the solution. This is very interesting 
as it can describe how the content of dissolved gas molecules in a solution can affect 
the attractive force between the hydrophobic surfaces. Increasing the number of 
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dissolved gases would increase the height of the DGL on the surface and, hence, 
increasing the range and magnitude of the force between hydrophobic surfaces in the 
solution. It should be noted that this is a short-range attractive force between the 
hydrophobic surfaces and is not a nanobubble capillary bridging force. 
Study of the measurement techniques in environments with the mentioned 
difficulties in controlling dissolved gases can lead us to a knowledge gap in this field. 
Dissolved gases are shown to have a crucial effect on hydrophobic interactions. 
However, it needs to be studied in more controlled dissolved gas environments.  
Experimental techniques for studying hydrophobic interactions should be developed 
with a focus to control dissolved gases more reliably. Atomic Force Microscopy (AFM) 
has been one of the tools used for surface force measurements to study hydrophobic 
interactions. Several researchers tried to use degassing the liquid solution to study the 
effect of dissolved gases on surface interactions (Meagher and Craig 1994, Considine 
et al. 1999, Mahnke et al. 1999, Ishida et al. 2000, Meyer et al. 2005, Stevens et al. 
2005, Zhang et al. 2005). Even though those works contributed valuable knowledge 
in showing the effect of dissolved gases on hydrophobic interactions, the process of 
degassing the liquid, the level of degassing, and keeping the liquid degassed during 
the measurement process is a very challenging and an uncertain task. Therefore, it is 
extremely hard and unlikely to control the dissolved gases and prevent occurrence 
bridging capillary forces using this technique. A first step can be excluding additional 
forces in the measurements of hydrophobic interactions. The first approach force 
measurement method (Vinogradova et al. 2001) tries to focus on the short-range 
hydrophobic interactions and exclude the longer-range bridging capillary force. In this 
method, Colloidal probe technique with AFM force measurement is used to measure 
the surface force interaction. The interaction on the first contact approach between the 
colloidal probe and the surface is recorded. This would narrow down the research on 
the hydrophobic interaction better by distinguishing it from additional interactions, such 
as bridging capillary forces. Studying the hydrophobic interactions in different systems 
with more controlled amount of dissolved gases can be a next major step in developing 
a better understanding of this phenomenon. 
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2.4. On the search for the hydrophobic force; major experimental and 
theoretical evidence of the presence of the short-range attractive force 
between hydrophobic surfaces 
Since the starting of the debate on the presence of hydrophobic interaction 
forces, their origin and mechanism, researchers have done many experimental 
studies. However, many experimental investigations could only explain the forces, not 
directly related to the hydrophobic attraction between hydrophobic surfaces. 
Furthermore, many experimental studies have resulted in different findings, which 
have made more questions in this area. The various ranges of the forces reported by 
many authors in the literature indicate that the measured attractive forces, considered 
as the hydrophobic attractive forces, seem to be a combination of different attractive 
forces which can also vary according to the various system conditions. The reported 
experimental studies also indicate that there is a force existing between hydrophobic 
surfaces; a force that is much stronger than the van der Waals (vdW) force, expected 
between the surfaces, and within a range usually shorter than 20 nm. Despite the 
publication of several papers and the amount of research carried out in this field, 
uncertainty remains. Experimental difficulties in measuring the attractive surface 
forces, especially the short-range attractive force are a major challenge in studying 
and understanding the mechanism of the attractive forces between hydrophobic 
surfaces. 
The first direct measurement of the hydrophobic forces was carried out by 
Israelachvili and Pashley (1982). It was a significant improvement as they conducted 
direct measurements providing evidence that the hydrophobic interactions were 
responsible for several phenomena. It should be noted that the evidence of the 
effective distance and range of the hydrophobic interaction were very limited. It was 
suggested the hydrophobic interaction was caused by the rearrangement of the water 
molecules on approaching hydrophobic surfaces, while it was believed that there was 
a hydrophobic bond involved with that strong interaction. However, the crucial effects 
of the dissolved gases were not considered in such early studies as much as we are 
aware of it today. 
Christensen & Claesson (1988) studied the interaction between macroscopic 
surfaces. This time they measured an attractive interaction of 70 to 90 nm, which was 
considerably greater in range than ranges previously reported. They attributed this 
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interaction to the cavitation between the hydrophobic surfaces. They used a Surface 
Force Apparatus (SFA) to study the measure the force interaction between the 
surfaces and study cavitation. They observed that a cavity was formed between the 
hydrophobic surfaces on separation, as shown in Figure 2.1. This could raise the 
question of what forms the cavities. The answer to this simple question could show 
the crucial effect of dissolved gases on the interaction between hydrophobic surfaces. 
However, later studies proved that formation of cavities and their bridging force effect 
are only an indirect effect of the hydrophobic interaction and not the true mechanism 
of the short-range attraction between hydrophobic surfaces. 
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Figure 2.1. Vapour cavities in water between curved (R - 1 cm) mica surfaces coated with 
DDOA. The mica surfaces are silvered on the back sides, and the standing wave pattern 
created by multiple reflections of incident white light gives an accurate reflection of the surface 
shape and allows calculation of the surface separation and refractive index of the intervening 
medium. The fringe pattern observed in a spectrometer is shown on the left, and the surface 
configuration, which may be deduced therefrom, is shown schematically on the right. A 
difference in optical path length due to a decrease in refractive index causes the interference 
condition to occur for shorter wave-lengths (a shift to the left of the fringe). At a vapour-water 
interface, there is thus a discontinuity in the fringes. (A) At a separation of 100 nm, the fringe 
pattern is characteristic of the curved surfaces. (B) As the surfaces come into molecular 
contact, they deform and flatten (contact diameter, 50 Rm) as a result of the large adhesion. 
(C) Upon subsequent separation (150 nm), a "bridge" of refractive index 1.00 can be seen to 
connect the surfaces. (D) The diameter of this vapour cavity decreases with surface separation 
(1 μm) reproduced from (Christenson and Claesson 1988). 
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Further studies and research on the search for the hydrophobic force, resulted 
in the discovery of Nanobubbles, and Nanobubble Bridging Capillary Force (NBCF). 
Parker et al. (1994) used a surface force apparatus to measure the surface forces 
between hydrophobic glass surfaces in aqueous solutions. Figure 2.2 shows 
measured force curves presented in this work. They reported the presence of a very 
long-range force in water between the hydrophobic surfaces. The force curves 
included discontinuities, or steppes, as seen in their measurement results. The result 
of their study discounted the electrostatic origin for the range of the interactive force 
between hydrophobic surfaces. This was due to the insensitivity of their experimental 
results to the electrolyte, and the occurrence of the attractive force between 
hydrophobic surfaces cause by the separation-induced phase transition. It was 
suggested that the long-range attractions between hydrophobic surfaces are due to 
the bridging of the bubbles on the hydrophobic surface, and the discontinuities 
appearing on the force curves, at the long-range, are due to the presence of the 
consecutive bridging of the bubbles existing on the hydrophobic surfaces. Even though 
the direction of nanobubble discovery provided valuable evidence to the field, it is 
known by today’s knowledge that the bridging force by the surface nanobubbles or 
separation-induced cavitation is a different concept with the debatable hydrophobic 
force. 
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Figure 2.2. Forces normalised by the radius of curvature (FIR) measured between FSC12 
treated surfaces. The forces were measured both on the approach of the surfaces and as they 
were separated from the point indicated by the circle (expanded in inset), reproduced from 
(Parker et al. 1994). 
 
Vinogradova & Yakubov (2001) studied the long-range attractions using a 
colloidal probe technique of Atomic Force Microscopy (AFM). They used polystyrene 
surfaces immersed in the water-electrolyte solution for their force measurements. 
They indicated that there are two types of attractions existing on the surface, as shown 
in Figure 2.3. They reported that there is shorter and exponentially decaying attractive 
force, as well as a longer-range attraction that is probably due to the submicroscopic 
bubbles on the surface. They indicated that the contact of the surfaces would result in 
the formation of larger size cavities that increases the range of attraction on the 
surface. They also reported the smoothness and hydrophobicity of the surfaces might 
result in the measured range of attractive forces on the surface being varied. Variables 
affecting the interaction between hydrophobic surfaces reported in this result, along 
with unanswered questions about the origin of all different type of forces at different 
ranges and magnitude, and the uncertainties related to the experimental procedure 
provides more questions to be answered about these hydrophobic interactions. After 
the discovery of nanobubbles, it was established that the so-called “hydrophobic force” 
was different to the very long-range attractive force between the hydrophobic surfaces. 
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In fact, the bridging capillary forces, usually arising from the surface nanobubbles or 
cavitation, were recognised and distinguished to be in a different category.  
 
 
Figure 2.3. A set of the typical force curves on 1st (1), 2nd (2), and 5th (3) approaches 
illustrating the late interaction of the first type (curves 2 and 3), and the attraction of the second 
type (curve 1), reproduced from (Vinogradova et al. 2001). 
 
Ishida et al. (2012) studied the hydrophobic attractive forces between two 
silanated silica surfaces. They degassed the system to measure the hydrophobic 
attraction with the minimum effect of nanobubble bridging capillary force. After 
degassing the system, they observed an attraction range of 10-25 nm between the 
hydrophobic silica surfaces. They also reported a strong adhesion was observed in 
the retracting force curve, which was possibly caused by the bridging forces after 
contacting the two solid surfaces. They suggested the observed force ranging 10-25 
nm was a short-range hydrophobic interaction caused by the surface hydrophobicity 
with an unknown mechanism, which was not affected by the nanobubbles, as shown 
in Figure 2.4. They also studied the ionic strength and temperature effect of the 
solution and reported that they had little effect on the force; whereas changing the 
surface hydrophobicity considerably changed the range and the magnitude of the 
observed force. These observations were remarkable evidence of the short-range 
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attractive force between hydrophobic surfaces in the absence of nanobubbles. 
However, the question about the origin and mechanism of this force still remained. 
 
 
Figure 2.4. There is a short-range attraction of unknown origin between the hydrophobic 
surfaces in aqueous solutions, in the absence of nanobubbles, which is significantly stronger 
than the expected vdW force, reproduced from (Ishida et al. 2012). 
 
Mastropietro and Ducker (2012) carried out one of the most interesting studies 
on the attractive force between hydrophobic surfaces in concentrated salt solution. 
They used KCl with 1 M concentration in degassed water to study the attractive forces 
between octadecyl trichlorosilane-coated glass surfaces. They used 5-layer glass-
OTS-aqueous salt-OTS-glass system using Lifshitz theory for van der Waals (vdW) 
force to analyse their results. They reported that their measurements of the attractive 
force between the hydrophobic surfaces were in good agreement with the vdW force 
and it is unnecessary to invoke the presence of a hydrophobic force at separations 
greater than 5 nm. Interestingly in the high salt concentration and degassed solution, 
the reported results were in good agreement with the vdW force. This highlights the 
crucial effect of dissolved gases on the observed deviation of the attractive force from 
DLVO theory. It should be noted, that the solubility of dissolved gases would decrease 
with increasing the salt concentration. Considering the solution was in high salt 
concentration and degassed can indicate the presence of dissolved gases could affect 
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the water structure and/or a dense gas layer (DGL) could form on the surface resulting 
in a strong attraction between the hydrophobic surfaces. 
There have been many works carried out on the search for evidence on the 
hydrophobic interactive force’s mechanism. For instance, Israelachivli & Pashley 
(1984) studied the hydrophobic attractive force between two hydrophobic surfaces in 
aqueous solutions. They used monolayer coated mica surfaces for their force 
measurements. They observed a strong hydrophobic interaction, which was much 
stronger than the expected vdW force in the separation distance less than 8 nm, 
decaying exponentially with distance. They carried out one of the early studies on the 
distance dependence and effective range of the hydrophobic interaction; however, the 
mechanism and origin of such interaction remained very unclear. The experimental 
method and other factors such as contamination could have been the issue.  
Pashley et al. (1985) investigated the hydrophobic attractions between 
uncharged hydrophobic surfaces. They used mica with a surfactant monolayer 
absorbed on the surface and studied the hydrophobic force interactions in an aqueous 
solution. They reported forces in the separation distance less than 10 nm between 
such electrically neutral surfaces were 10 to 100 times stronger than expected from 
the DLVO theory. They also indicated that the force decayed exponentially instead of 
following a power-law pattern. It was reported in their work that such attractive 
hydrophobic forces are related to the surface hydrophobicity and originate from the 
influence of hydrophobic surface on the water structure. However, with limited 
experimental procedure and equipment, the experimental evidence to support this 
idea was not convincing enough. 
Claesson et al. (1986) studied the hydrophobic interactions between 
hydrophobic mica surfaces. They used Langmuir-Blodgett (LB)-deposited monolayers 
on the surface for hydrophobization method. They observed a strong, long-range 
attraction on the surface that was significantly stronger than the vdW force. They 
reported that the attractive force was observed at a separation distance lower than 25 
nm. They investigated the effect of salt on the force measurement and indicated that 
the observed force did not have an electrostatic origin. Although they suggested the 
hydrophobic attraction originated from the change in the dynamic water structure on 
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the hydrophobic surfaces, stronger evidence was required to explore and prove this 
mechanism.  
Hato (1996) studied the range of true hydrophobic forces between two 
macroscopic surfaces in water. He used monolayer-coated mica surfaces for this 
purpose. He indicated that the attraction between hydrophobic surfaces has two 
components of long (D > 15-20 nm) and short (D < 5-20 nm) ranges. He reported that 
in the long-range attraction there is no correlation between the surface hydrophobicity 
and the range and magnitude of the attractive force. However, in a separation distance 
closer to the surface (within the range of D < 5-20 nm), there exists a strong and 
increasing attractive force, which does not originate from vdW force alone. This 
indicates that the long-range attraction is not directly a hydrophobic interaction; 
whereas the short-range attraction depends on the surface hydrophobicity, directly 
related to a hydrophobic interaction. Although it is concluded from this study that the 
long-range and short-range interaction between hydrophobic surfaces have different 
origins, the uncertainty of the mechanisms of these interactions still existed. 
Stevens et al. (2005) studied the long-range attractive forces to evaluate the 
effect of degassing on the forces between two hydrophobic surfaces. They used 
amorphous fluoropolymer surfaces and measured the attractive forces between the 
surfaces in water. They used a degassing method and measured the attractive surface 
forces in deaerated water, to which they observed a shorter range jump-in attraction. 
They indicated that the observed force in the degassing system was still considerably 
larger in range and strength than the expected vdW attraction. 
Lin et al. (2005) studied the long-range and short-range attraction between 
hydrophobic surfaces. The used mica surfaces coated with LB-deposited DODAB 
monolayers to study the attractive long-range and short-range hydrophobic interaction 
between surfaces. They reported that the attractive hydrophobic force has a double-
exponential pattern as the separation distance is decreased to 50 Å, followed by a 
significantly stronger attractive force. Meyer et al. (2005) also studied the attractive 
forces between hydrophobic surfaces of mica coated by a Langmuir-Blodgett (LB)-
deposited hydrophobic monolayer. They observed an attractive force between 
surfaces in water containing dissolved gases effective from 45 nm of separation 
distance. They indicated that the form became stronger at the separation distance of 
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approximately 25 nm. They reported that in the degased system, however, the 
attractive force was observed again at the separation distance of approximately 25 
nm.  
Meyer et al. (2005) studied the hydrophobic attractions between two mica 
surfaces. They investigated the effect of dissolved gases on hydrophobic attractive 
forces using mica surfaces covered by LB-deposited double-chained surfactant 
monolayers. They reported the range of attractive forces was reduced by degassing 
water; however, there was still a strong attraction at shorter separation distance. They 
noted no evidence of pre-existing nanobubbles in their experiments, both in fully 
aerated or partially degassed water. They also reported the AFM showed no evidence 
of nanobubbles on the surfaces under water. Thus, they suggested the pre-existing 
nanobubbles do not seem to be the reason for the long-range attractive forces, as they 
are not presented in the degased system. They indicated their data were more 
consistent with other proposed mechanisms coming from different origins such as 
cavitation and electrostatics.  
Ducker & Mastropietro (2016) reviewed the long-range forces between 
hydrophobic surfaces, reporting that many of the forces observed and reported as the 
hydrophobic forces were mistaken with other phenomena. This review highlighted the 
paucity of the evidence for the presence of short-range attractive forces between 
hydrophobic surfaces (less than 20 nm). The majority of reviewed results are 
consistent with the formation of bridging vapour cavities between hydrophobic 
surfacesFormation and accumulation of nanobubbles on the surface of hydrophobic 
surfaces is by far the most pertinent factor that limits reliable experimental assessment 
of attractive force between hydrophobic surfaces. In addition, colloid probe AFM force 
measurements may be complicated by cavitation occurring between two hydrophobic 
surfaces after the first contact force measurement between the colloidal probe and the 
substrate surface. Therefore, the measured force can be affected by cavitation 
between surfaces after the first contact, which will contribute to the measured force. 
Furthermore, the spring constant of the cantilever in the colloidal probe technique is 
another limiting factor. If the gradient of the force existing between the two hydrophobic 
surfaces exceeds the spring constant of the cantilever, the cantilever will snap into the 
contact and the measurement of the force is not possible. This problem is especially 
seen to occur at shorter separation distances as the attractive force gets stronger. 
23 
 
Therefore, the lack of good quality data restricts us to study the mechanism of 
interaction between hydrophobic surfaces, effectively. 
 
 
2.5. Effects of dissolved gases and IGE  
Dissolved gases have been shown to have a crucial effect on attractive forces 
between hydrophobic surfaces. Nanobubble bridging capillary force is one the most 
well-known consequences of dissolved gases on the attractive surface forces. Initially, 
the research in this area resulted in the discovery of nanobubbles. Many research 
studies on the effect of dissolved gases on the attractive forces between hydrophobic 
surfaces have shown that the range and strength of hydrophobic forces decrease with 
the decrease of the dissolved gas content in water. Most of the studies on the effect 
of dissolved gases focused on the formation of the submicroscopic bubbles on the 
hydrophobic surface, which results in and contributes to the bridging attractive forces. 
Many of the studies report a jump-in attraction between two hydrophobic surfaces, 
because of the bridging attraction between two hydrophobic surfaces. As it was 
discussed, this attraction is very long-range and different to the short-range force 
between hydrophobic surfaces. The reported range of this attraction varies in the 
literature (Parker and Claesson 1994, Carambassis et al. 1998, Ederth et al. 1998, 
Ishida et al. 1999, Ederth and Liedberg 2000).  It should be noted, that it is difficult to 
completely degas the water and perform force measurement. This means there could 
still be dissolved gases in the system affecting either nanobubble bridging forces, or 
contributing to the short-range interaction between hydrophobic surfaces, by affecting 
the water structure and formation of a gas layer on the surface. 
It is proposed that the attractive forces often observed on the hydrophobic 
surfaces are a combination of two classes and ranges of forces: attractive forces which 
are of long-range and whose nature and mechanisms are not directly related to the 
surface hydrophobicity; and short-range attractive forces, which are referred to the 
“hydrophobic forces” by some specialists in this field. As it has been described, the 
former are now well-known and well established, while the latter is still considered to 
be from an unknown origin despite the many proposed theories to describe the origin 
of this force. It is shown that dissolved gases can accumulate and/or form surface 
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nanobubble near hydrophobic surfaces. Furthermore, it is reported that in the 
degassed solutions, nanobubbles and long-range attractive force of nanobubble 
capillary bridging force were absent (Meagher and Craig 1994, Considine et al. 1999, 
Craig et al. 1999, Meyer et al. 2005, Faghihnejad and Zeng 2012, Ishida et al. 2012). 
This highlights the effect of dissolved gases on the attractive force between 
hydrophobic surfaces even though the nanobubble capillary bridging force is not 
directly caused by the surface hydrophobicity. 
It is suggested that one of the possibilities dissolved gases can affect the short-
range attractive force between hydrophobic surfaces is by affecting the dynamic water 
structure. It is apparent dissolved gases exist in water; that is how fish survive. 
Changing the dissolved gases content in water can affect the water molecules and the 
hydrogen bonds in water, which, in turn, would affect the surface forces and hence the 
attractive force between hydrophobic surfaces.  
IGE has shown to be responsible for the short-range attractive force between 
hydrophobic surfaces, and it has been supported by the more recent experimental and 
theoretical studies in comparison with the previous hypothesises on the origin of this 
force. It is known that the slip velocity changes over a hydrophobic surface 
(Ruckenstein and Rajora 1983, Ruckenstein and Churaev 1991, Vinogradova 1995). 
Formation of a gap on the solid surface was suggested to exist on hydrophobic 
surfaces (Ruckenstein and Rajora 1983, Churaev et al. 1984) to account for the 
change in the slippage on the hydrophobic surface. Indeed, IGE could be the reason 
for the change in slippage on the hydrophobic surface by formation of a Dense Gas 
Layer (DGL).  
After the discovery of nanobubbles and advances in computational and 
simulation methods, Molecular Dynamics (MD) simulations was used to study the 
interactions on hydrophobic surfaces. Dammer and Lohse (2006) used MD simulation 
to study the effect dissolved gases on hydrophobic surfaces. They found a liquid-gas 
interface at the solid hydrophobic surfaces. They reported a modified liquid structure 
close to the wall leading to an increased wall slip. Lu et al. (2012) used frequency-
modulation atomic force microscopy to study dissolved gas enrichment on graphite 
surface in water. They observed gas-like domains at the interface of HOPG and water, 
as shown in Figure 2.5. 
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Figure 2.5. Dissolved gas molecules can segregate and form an absorbing gas layer on the 
hydrophobic surface, reproduced from (Lu et al. 2012). 
 
It is suggested surface nanobubbles can form a gas layer on hydrophobic 
surfaces. Weijs et al. used molecular dynamic simulation to study the formation of 
nanobubbles on hydrophobic surfaces (Weijs et al. 2012). They reported that the 
surface nanobubbles sit on the top of a gas layer for a strong solid-liquid attraction. 
They mentioned that the universal contact angles of surface nanobubbles can be 
explained by the existence of a dense gas layer at the solid-liquid interface. Peng et 
al. (2013) used the highly ordered pyrolytic graphite (HOPG) to study the interaction 
of the HOPG with silicon-nitride tipped AFM cantilever probes in water with and without 
solvent exchange. Solvent exchange method is used to produce nanobubbles on 
hydrophobic surfaces. In this process, the hydrophobic surface is immersed into a 
water miscible solvent such as ethanol. Then the solvent is exchanged water by 
flushing it off the hydrophobic surface. This dynamic process facilitates the formation 
of surface nanobubbles. Peng et al. reported that without solvent exchange, the 
interaction was consistent with DLVO theory showing strong electrostatic double layer 
(EDL) repulsion. However, with the solvent exchange, the interaction was non-DLVO 
with no EDL repulsion observed. Attractive forces larger than 10 nm consistent with 
nanobubbles were observed, which showed the interaction was no longer between 
HOPG and silicon nitride probe tip. They reported the entire area between 
nanobubbles was covered with IGE and suggested the coexistence of the 
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nanobubbles and IGE on the surface, as shown in Figure 2.6. In this study, in order to 
measure the EDL repulsive force, very sensitive and weak cantilever probes were 
used. This resulted in a mechanical instability as soon as the attractive forces were 
observed. It would have been very interesting to study the force of the shorter-range 
type between nanobubbles using a stronger probe to explore possible affecting factors 
and provide further experimental evidence on the possible formation of IGE on the 
hydrophobic surface.  
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Figure 2.6. AFM force measurement indicates the presence of IGE on HOPG surface, which 
cannot be removed by contact mode scanning of cantilever tip in HOPG−water interfaces, 
reproduced from (Peng et al. 2013).  
 
Molecular dynamic simulations have been further applied to provide more 
detailed evidence of the formation of IGE at the hydrophobic solid-water interface in 
the form of DGL (Peng et al. 2013). Accumulation of dissolved gas molecules was 
reported at the hydrophobic solid-water interface. By changing the number of gas 
molecules, several types of dense gas domains were observed at the hydrophobic 
surface, including aggregates, cylindrical caps, DGL, as shown in Figure 2.7.  
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Figure 2.7. Several types of dense gas domains were observed at the hydrophobic solid-water 
interface, depends on the number of dissolved gas molecules, including aggregates, DGL, 
cylindrical caps from left to right, respectively. No EDL repulsion was observed as normally 
expected in water, due to the presence of the DGL on the surface, reproduced from (Peng et 
al. 2013). 
 
Increasing the dissolved gas content in water can affect the water structure, as 
well as the nanobubble bridging effect. It should be noted the contribution of the 
dissolved gases to the true hydrophobic forces is less significant in comparison with 
the very long-range nanobubble bridging capillary force. Nguyen et al. (2003) studied 
the attractive forces between two hydrophobic surfaces. They studied the attractive 
forces between the surfaces in water, which had been saturated by gases of different 
solubilities. They indicated that the measured surface forces were not significantly 
affected by changing the gas solubility. However, they noted the effect of surface 
roughness and heterogeneity, which favour the formation and trapping of gas bubbles 
resulting in the sub-microscopic bubble bridging effect, seemed to have a significant 
effect on hydrophobic attraction. It can be noted that gas solubility and the content of 
dissolved gases in water affects the true hydrophobic forces, but is from a shorter 
range and not as significant as the resulting nanobubble bridging capillary forces. The 
dissolved gas molecules would have an entropic effect by disrupting the water 
structure and the hydrogen bonds in the water. 
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As a result of attractive surface forces, the liquid films rupture when they are brought 
together. Hydrophobic attractive forces are proposed to cause the coalescence of 
bubbles and instability of liquid films. Nguyen et al. (2010) studied the drainage, 
rupture, and lifetime of deionized water film to study the effect of dissolved gases in 
the transient behaviour of the deionized water film. They used an experimental method 
to investigate the role of contact time between the air and deionized water interfaces 
on film drainage, rupture, and lifetime. The observed the dissolved gases affect the 
drainage and rupture of the film significantly. They noted that the migration of the 
dissolved gases present in water could affect the water films’ transient behaviour at 
the short contact time.   
 
 
2.6. Conclusion 
The suggested major theories of the effect of dissolved gases on the origin of 
attractive forces between hydrophobic surfaces were reviewed. Despite many theories 
and countless papers having been published in this area, the mechanism of the 
attractive force between hydrophobic surfaces is still not well understood. It is known 
attractive forces between hydrophobic surfaces are of two types: long and short-range 
forces. The longer range (usually longer than 20 nm) is known to originate from the 
attraction between surface nanobubbles, resulting from a capillary bridging force and 
cavitation. The shorter-range force is, however, has an unknown origin and its 
mechanism has been under debate. The experimental and theoretical evidence on 
this force is very limited. Despite this, available experimental evidence show there is 
a force (usually shorter than 20 nm) which is considerably stronger than the expected 
vdW force between hydrophobic surfaces, in the absence of nanobubbles. IGE, which 
has shown to cover hydrophobic surfaces in water, is likely to be responsible for the 
short-range attractive force between the hydrophobic surfaces, along with the change 
in water structure. The idea of IGE is recently supported by MD simulation and AFM 
data, but further theoretical and experimental investigations are still required to study 
and validate this mechanism. 
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Chapter 3 
 
Experimental Methodology and Theoretical Modelling 
 
 
 
 
 
 
 
 
 
 
 
36 
 
 
 
3.1. Experimental Method 
Atomic Force Microscopy (AFM) was used to study the surface. Atomic force 
microscopy provides the ability to study the surface with a significantly better resolution 
compared with the optical microscopy units. Invention and improvements of optical 
microscopes enabled scientists to study the small objects. That made a considerable 
impact in various fields. However, the optical microscopes have had the limitation of 
seeing the very small objects. This resulted in the development of AFM to enable 
scientists to study the small objects, which optical microscope have had previously 
limited to see. Furthermore, an atomic force microscope can usually provide finer 
details of the surfaces, in comparison to the details obtained from optical microscopes. 
The main difference between an optical microscope and an atomic force microscope 
is that AFM feels and touches the surface when optical microscope sees the surface. 
In fact, an AFM touches the surface and can create a three-dimensional image of it. 
An AFM generally consists of different essential elements including a force sensor, 
positioners, and a computer to operate.  
AFM studies the surface information with touching the surface with a sensitive, 
flexible force sensor unit, known as a cantilever. Cantilever is a probe with a sharp tip, 
mechanically flexible and reflective surface, which bends as the cantilever interacts 
with the surface. The cantilever deflection is measured optically. A laser beam is 
shined to the back of a cantilever. As the cantilever interacts mechanically with the 
surface, it affects the cantilever with bending it and hence the change in laser 
deflection shining to the cantilever. The laser reflects a position detector. The position 
detector converts the laser reflection position to a signal and sends it to the computer. 
AFM uses piezoelectric units as positioners to scan nano-scale movement of the 
mechanical interaction of the cantilever with the surface. The piezoelectric positioners 
in AFM can operate the positioning in three different x, y, and z directions, with a very 
high sensitivity. Eventually, the signal is received by the computer, where the electric 
signal is converted to the data for analysing the surface. A schematic of an atomic 
force microscope is shown in Figure 3.1. In this study, atomic force microscopy was 
used for measurement of the interactive forces on the surface and surface imaging. 
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Figure 3.1. A schematic of an atomic force microscope (reproduced from (Butt et al. 2005)) 
 
3.2. Materials 
Silicon wafer surfaces (Silicon Valley Microelectronics, USA) and silica spheres 
of 20 μm in diameter (Fuso Chemicals Co. Ltd., Japan) were used as test surfaces. 
Glassware was cleaned using potassium hydroxide, ethanol and water (1:8:1 ratio by 
weight) solutions with 15 min soaking and washing with pure (deionized, DI) water. AR 
grade ethanol was obtained from Crown Scientific (Australia). NH4OH (AR grade) was 
purchased from Lab Services (Australia) and H2O2 (GR grade) from Merck. Sodium 
chloride (99.5%), Potassium Chloride, Caesium Chloride, and Lithium Chloride were 
obtained from Sigma-Aldrich (Australia). DI water was freshly purified using a setup 
consisting of a reverse osmosis RIO’s unit and an Ultrapure Academic Milli-Q system 
(Millipore, USA).  
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3.3. Surface hydrophobization 
Esterification (Ballard 1961, Trau et al. 1992, Biggs and Grieser 1994, 
Ossenkamp et al. 2002) with 1-octanol (Merck, Australia) was used to produce stable 
hydrophobic surfaces. Silicon wafers were cut into 1.2 × 1.2 cm substrates. The 
surfaces were first cleaned using acetone, ethanol and water in an ultrasonic bath (for 
10 min for each time), then soaked for 15 min in 5H2O:1NH4OH:1H2O2 solution (RCA-
SC1) at 75C and washed with copious amounts of water, and finally dried under 
nitrogen gas stream (Nalaskowski et al. 1999, Hampton et al. 2009). The cleaned silica 
substrates were then immersed in boiling 1-octanol solution for 4 h under reflux, 
rendering it hydrophobic. The silica particles were cleaned in the RCA-SC1 solution, 
washed with copious amounts of water, and dried in a desiccator. The silica particles 
were then esterified in 1-octanol for 4 h, washed with acetone, and dried in a laminar 
flow cabinet. The advancing and receding water contact angles of hydrophobized 
surfaces, as measured by the sessile drop method using a PAT-1 pendant drop 
tensiometer system (SInterface Technologies, Germany), were 85◦ and 60◦, 
respectively. 
 
3.4. Atomic Force Microscopy Measurements 
Atomic force measurement was used to measure and study the interactions 
between surfaces. Force measurements and AFM imaging were performed with using 
an MFP3D Asylum AFM (Asylum research, USA). Atomic force microscopy enables 
us to study the surface force interactions at nano-scale with a very high resolution. 
The force is measured between a cantilever tip and a sample substrate. As the 
substrate surface and the cantilever tip interact, atomic force microscope measures 
the deflection of the cantilever and position of the piezo. This data is then used to 
obtain the force versus separation data between the substrate surface and the 
cantilever tip, to study the interaction of the surfaces in nano-scale.  
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3.5.  Cantilever and Cantilever cleaning 
Triangular cantilevers (Veeco, USA) with a nominal spring constant of 
0.06−0.32 N/m were used for the experiments in Chapter four, and rectangular 
cantilevers (BudgetSensors, Bulgaria) with a nominal spring constant of 40 N/m were 
used for the experiments in Chapters five and six. 
The cantilevers were cleaned with piranha acid treatment, washed with DI water prior 
to use. Piranha solution is a mixture of sulfuric acid (𝐻2𝑆𝑂4) and hydrogen peroxide 
(𝐻2𝑂2) with the ratio of 3:1, respectively. The actual spring constant was determined 
by the thermal method (Hutter and Bechhoefer 1993). 
 
3.6. Dissolved Oxygen measurement 
Dissolved oxygen (DO) was measured using a WTW Multi 3410 DO meter with 
WTW FDO 925® probe, which had been calibrated (calibration relative slope: 0.98 
and FDO check: 99.3%). Incorporated into the WTW Multi 3410 meter is digital 
processing and data transfer, or stability control function, which allows the 
measurements to be extremely precise. This unique function was activated and used 
in every DO measurement. The FDO 925® is an optical oxygen sensor; as opposed 
to an electrochemical sensor. Optical DO sensors offer an advantage over 
electrochemical by the way that they are much easier to maintain. Electrochemical 
sensors consist of an anode, cathode and oxygen permeable membrane and require 
chemical reactions to occur for a measurement to be taken. Over time, chemical 
reactions cause oxidise material to deposit on the anode or in the electrolyte solution. 
All in all, this means that optical sensors are more likely to produce repeatable results.  
 
3.7.  Colloidal probe technique 
Atomic force measurements were carried out using the colloidal probe 
technique (Butt 1991, Ducker et al. 1991) to determine the interaction surface forces 
between the hydrophobized silica particle on the colloidal probe and the 
hydrophobized silicon wafer substrates. A colloidal probe consists of a colloidal 
particle and a cantilever. In this Method, a colloidal particle is glued to the tip of a 
tipless cantilever, to make a colloidal probe. The colloidal probe is then used as the 
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force sensor for the AFM force measurement experiments, which allows us to study 
the surface interactions between the colloidal particle and the silicon substrate.   
 
3.8.  First approach method 
In colloidal probe atomic force measurement technique, the probe needs to 
approach and contact the substrate surface, to measure the surface interaction. The 
force measurement can be repeated several times with the same colloidal probe, after 
the probe and substrate surface contacted for the first time. However, there can be a 
difference between the measured interactive force between the colloidal particle and 
substrate surface, in the first approach contact force measurement and the later ones 
(Vinogradova et al. 2001). The probable main reason for this difference is because of 
the formation of vapour/sub-micron bubbles on the solid surface as the result of the 
first contact/separation of the solid surfaces, including the colloidal probe and 
substrate surface, during the first contact force measurement.  
To prevent the effect of cavitation and capturing the short-range attraction 
between the hydrophobic surfaces, we used the first contact approach force 
measurement method. It ensures that the cavitation between the hydrophobic surfaces 
will not occur to affect the measured surface force. In this method, the force curves 
were obtained on the first contact approach between the colloidal probe and the 
substrate. The colloidal probe and the substrate first approached each other closely 
with a low trigger point before the surfaces came into contact, to ensure the accurate 
capture of the first contact approach surface interactive force between the hydrophobic 
surfaces.  
 
3.9.  AFM imaging 
Atomic Force Microscopy (AFM) imaging AC/Tapping mode was used to study 
the surface morphology of the substrates. In this method, the contact of the cantilever 
tip is prevented to the surface not to change the soft features of the surface such as 
surface nanobubbles. This method carries out the surface imaging by oscillating the 
cantilever over the sample surface at the cantilever’s resonance frequency. As the 
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cantilever gets close to the sample surface, the forces interacting between the surface 
and cantilever change the amplitude of the cantilever oscillation to image the surface. 
 
3.10.  Force conversion 
As the result of atomic force measurement, we measure the cantilever 
deflection versus the piezo movement. However, the force (F) versus separation 
distance (h) is what we usually want to achieve and analyse. Force (F) is the interactive 
force between the colloidal probe and the surface substrate, and separation distance 
(h) is the distance between the two surfaces. To convert the AFM raw data into the 
force versus separation distance, we need to obtain two parameters including; 
sensitivity and zero distance (𝑍𝑝). The two mentioned parameters should be calculated 
from the piezo movement versus deflection data curve, which is measured by atomic 
force measurement. Figure 3.2 shows a force measurement raw data result from AFM 
between two solid surfaces measured with colloidal probe technique. As it can be seen 
in Figure 3.2, there are two regimes in this curve. There is a linear regime in the curve, 
followed by a none-linear exponentially decaying regime. These are the contact and 
none-contact regimes in the force curve. The sensitivity can be calculated as the slope 
of the linear regime in the force curve, as shown in Figure 3.3 with red markers.  The 
zero distance point is calculated by extrapolating the line from the linear regime as it 
is show in Figure 3.2 between the contact and non-contact regimes in the force curve. 
This is the point where the two linear parts of the force curves cross each other as it 
is show in Figure 3.2. 
 
 
42 
 
 
Figure 3.2. Raw data obtained from atomic force measurement showing two regimes of linear 
and nonlinear. 
 
After obtaining the sensitivity and zero distance values, we will need to zero 
correct the force curve. In fact, we will use the zero distance and sensitivity values to 
calculate the separation distance (h). To do so, the sensitivity value is used to calculate 
the cantilever deflection distance (𝑍𝑐), by dividing the deflection voltage to the 
sensitivity to produce the deflection distance (𝑍𝑐). Therefore, the separation distance 
can be obtain by adding the piezo deflection (𝑍𝑝) and cantilever deflection (𝑍𝑐) together 
𝑍 = 𝑍𝑝 + 𝑍𝑐. The zero corrected form of Figure 3.2 is show in Figure 3.3. 
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Figure 3.3. Zero corrected force curve of the raw data 
 
The final step of the force conversion will be to calculate the force (F) and 
plotting it versus the separation distance. We will need the spring constant of the 
cantilever (𝐾𝑐) and the cantilever deflection (𝑍𝑐). The force between the colloidal probe 
and the substrate surface will be calculated by multiplying the spring constant and 
deflection of the cantilever; 𝐹 = 𝐾𝑐. 𝑍𝑐 . As shown in Figure 3.4, the force curve is now 
converted to the force versus separation distance from the raw data measured by 
atomic force measurement. 
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Figure 3.4. Force versus separation force curves as a result of conversion of atomic force 
measurement raw data. The positive values in force versus separation force curves show a 
repulsive force. 
 
3.11.  Accuracy of the measurements 
To carry out reliable experiments to use for analysis and testing a hypothesis, 
it is important to ensure accurate measurements to the highest possible extent. Atomic 
force measurements can be very sensitive to various parameters, and a minor change 
can affect the results significantly. Therefore, a set of experiments were carried out to 
ensure the higher accuracy of the measurement. A series of experiments were carried 
out in different NaCl solutions to check the accuracy of the measurements. The 
experimental results were compared and fitted with Electrostatic Double Layer (EDL) 
model. The electrostatic double layer force was calculated with superposition 
approximation according to the below equation (Nguyen et al. 2003): 
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where F is the interaction force, ε is the dielectric constant of the solution, κ is Debye 
constant, 𝑅𝑝 is the particle radius, 𝑘𝐵 is Boltzmann’s constant, T is absolute 
temperature, e is charge on the electron, z  is valence of of ions of symmetric z-z 
electrolytes, and Ψ is the potential of the surfaces. The experimental results showed 
to have good agreement with the calculated model at different salt solutions. The 
experiments found to be repeatable and provided similar results at several 
measurements. The Debye constants were calculated to compare with the 
experimental results with fitting the model with the measured force curves. The Debye 
constant was calculated according to (Nguyen and Schulze 2003):  
 
𝜅 = {
𝑒2∑𝑛𝑖(∞)𝑧𝑖
2
𝜀𝜀0𝑘𝐵𝑇
}
1 2⁄
                                                                                     (3.2)                                                                               
 
where 𝑛𝑖(∞) is the number per unit volume of the electrolyte ions of type i ,   is the 
permittivity of the vacuum, 0 78  is the dielectric constant of water. Debye length 
value is calculated as 1 𝜅⁄  which has the length unit. As shown, in Figure 3.5, the 
experimental results showed good agreement with the calculated model, and the 
Debye length acquired from the measured force curves fitted with the model found to 
be similar to the expected values from equation 3.2. 
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            a) 
 
            b) 
 
Figure 3.5. Measured force curves between a hydrophobized silica particle and silicon 
substrate at the first contact approach shows the attraction of short-range, the semi-log 
figure fitted with EDL a) at 1 mM NaCl solution shows measured Debye length of 9.6 nm b) 
at 5 mM NaCl solution shows measured Debye length of 4.3 nm. The surface potential value 
used for the calculation is -40 mV. 
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Hydrodynamic force can affect the interaction between the colloidal probe and 
substrate surface in atomic force measurement. The effect of hydrodynamic 
interactions has shown to depend on the approach speed between the two surfaces, 
which atomic force measurement is carried on (Nguyen et al. 2003). Therefore, the 
approach speed of the colloidal probe can affect the results of atomic force 
measurement. The effect of colloidal probe approach speed to the substrate surface 
on the measured interactive force between the sample surfaces was investigated, as 
shown in Figure 3.6. The investigation was carried out to find out the range of the 
approach speeds which hydrodynamics can have a considerable effect on the 
measurement results. In fact, in order to carry out atomic force measurement between 
the hydrophobic silica surfaces to test our research hypothesis, it was desired to carry 
out the experiments in a range of colloidal probe approach speed which the 
hydrodynamics has minimum effect on the measured interactive forces. As it can be 
seen in Figure 3.6, hydrodynamic force showed to increase its effect on the measured 
interactive force as the colloidal probe approach speed was increased. This effect was 
found to be more significant at the approach speeds of 2 μm/s and higher. Therefore, 
it was ensured that the experiments were carried out at the approach speeds to have 
minimum effects by the hydrodynamic force.  
 
 
Figure 3.6. Force-distance profiles between hydrophobic surfaces measured at different 
driving speeds. The curves were measured using R=10 µm colloidal probe and rectangular 
cantilever with 0.2 N/m spring constant. 
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3.12.  DLVO forces and calculations 
DLVO is the theory which has traditionally been used to explain the stability of 
colloidal suspensions (Israelachvili 2011). DLVO was named after Boris Derjaguin and 
Lev Landau, Evert Verwey and Theodor Overbeek. It consists of the combination of 
the van der Waals (vdW) and electrostatic double layer (EDL) forces. Calculating the 
DLVO, as the combination of vdW and EDL forces helps to analyse the measured 
experimental results. 
In this work, the traditional DLVO model was developed into a multilayer model 
to account for the different layers in the system. Figure 3.7 shows the different layers 
considered in the model. As it can be seen in this figure, the system consists of seven 
layers including; the silicon substrate, octanol layer, dense gas layer (DGL), liquid 
medium, dense gas layer (DGL), octanol layer, silica particle from left to right 
respectively.  
 
 
Figure 3.7. Schematic of the multilayer system used to develop the multilayer DLVO model. 
 
The net of DLVO interaction forces were calculated as the sum of vdW and EDL 
forces as follows: 
26
p
DLVO edl
AR
F F
h

                                                                                                              (3.3) 
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where is the particle radius and h is the separation distance (i.e., the shortest 
thickness of the intervening liquid film between the surfaces). The van der Waals 
interaction force is described by the first term on the right-hand side of Eq. (3.3) and 
can be calculated from the Hamaker-Lifshitz theory (Nguyen and Schulze 2003), 
where the Hamaker function, A, is not a constant but depends on separation distance 
due to the effect of finite speed of light on the vdW interactions (known as the 
retardation effect). For multiple layer systems, such as silica-octanol-aqueous salt-
octanol-silica system, the Hamaker function can be calculated applying the multilayer 
theory of Parsegian and Ninham(1973) as follows: 
         
0
3
' ln 1 1  d
2
x xB
mL n mR n mL n mR n
n xn
k T
A x i i e i i e x   

 

        
                  (3.4) 
where x is the integration dummy,  is the Boltzmann constant and is the absolute 
temperature. The prime against the summation in ‘n’ indicates that the zero-frequency 
(n = 0) term is divided by 2. The Matsubara (sampling, discrete equally spaced) 
frequencies are described by 2 /n Bn k T   where  is the Planck constant (divided 
by 2, while in are the imaginary frequencies.  2 /n n m nx h i c   , where c is the 
speed of light and  m ni   is the dielectric function of the liquid medium (the aqueous 
salt solution) between the two multilayered structures. mL  and mR  describe the 
diamagnetic reflection coefficients of a photon passing through the multilayered 
structure between the liquid medium and the semi-infinite substrate (L) on the left, and 
the multilayered structure between the medium and the semi-infinite substrate (R) on 
the right, respectively. If the left multilayer consists of N layers of thickness ih  with 
1,2,...,i N  (the 1st layer is next to the substrate and the last layer N is next to the liquid 
medium), we have (Parsegian and Ninham 1973)  
   
   
1 2 1
1 2 1
, ,..., exp /
1 , ,..., exp /
mN NL N N N
mL
mN NL N N N
h h h xh s ph
h h h xh s ph


      
     
                                                            (3.5) 
where the diamagnetic reflection coefficient for the multilayered structure of the 
sequentially reduced number of layers can be calculated using a recursion equation 
as follows: 
pR
Bk T
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 for , 1,...,2j N N                    (3.6) 
Evidently, the zeroth layer is the substrate L on the left. For nonmagnetic 
materials considered in this paper, the diamagnetic reflection coefficient of a photon 
passing across a single interface between two materials “j” and “k” which is required 
in Eqs. (3.5) and (3.6) is calculated as follows: 
  j kjk
j k
s s
i
s s


 

                                                                                                                  (3.7) 
The retardation coefficients in Eq. (3.7) are defined by: 
      2 1 /j j ms i p i i                                                                                      (3.8)  
where  j i   is the dielectric function of the material “j”. The parameter p is defined 
by: 
 2 m
xc
p
h i  
                                                                                                        (3.9) 
For the multilayered structure on the right, mR  can be calculated using similar 
equations. In Eq. (3.2), mL  and mR  describe the dielectric reflection coefficients of a 
photon passing through the multilayered structures on the left and the right sides of 
the medium, respectively. They can be calculated using Eqs. (3.5) and (3.6) with the 
symbol “” being replaced by  , and the dielectric reflection coefficient of a photon 
passing across a single interface being calculated as follows: 
  j j k kjk
j j k k
s s
i
s s
 

 

 

                                                                                               (3.10) 
The effect of screening of the vdW interactions by salts was considered by 
adjusting the zero-frequency term, 0A , as follows (Mahanty and Ninham 1975): 
      0 0 0 1 2 exp 2A A h h                                                                           (3.11)
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The full spectra available in the literature (Nguyen and Schulze 2003) was used 
for the dielectric function of water and silica versus the imaginary frequency as needed 
in calculating the vdW force. Spectral data for octanol could not be located so they 
were approximated using “Cauchy plots” using absorption parameters for octane 
(Doshi et al. 2005) (the alkane portion of octanol). The thickness of octanol layer was 
assumed to be 1 nm. The dielectric functions for dense gas layers and air are assumed 
to be 1 in the modelling.    
The numerical integration of Eq. (3.4) was best carried out using quadratures 
with high-degree polynomial fitting such as the Gauss-Laguerre formulas for the 
infinite interval (Nguyen and Schulze 2003). The computational results reported here 
were obtained using the values of the zeros of the Laguerre polynomial and the 
respective weights of the 30th order Gauss-Laguerre quadrature. The computation of 
the outer summation included about 3000 or more terms for satisfactory convergence 
and accuracy. 
The EDL force was calculated using the numerical solution of the Poisson-
Boltzmann equations (PBE) together with the assumption of either constant surface 
potential or constant surface charge (Nguyen and Schulze 2003). Specifically, PBE 
for two flat surfaces was first numerically solved employing the collocation method for 
a system of differential equations subject to nonlinear, two-point boundary conditions 
at the surfaces. Together with the boundary conditions, the discretized equations on 
a uniform 1D mesh form a system of nonlinear algebraic equations for the electrical 
potential between the two surfaces and its gradient (first derivative), which can be 
solved iteratively by linearization employing the linear equation solvers of Matlab. The 
approximate Debye-Hückel solution of PBE was used to initialize the numerical 
solution by the collocation method. After obtaining the electrical potential,  , between 
the flat surfaces and its gradient /d dx , the EDL disjoining pressure as a function of 
the separation between the surfaces was calculated using the Langmuir equation 
described by    
2
0exp / 1 / / 2edl B i i Bk T n z e k T d dx         , where  in  the 
number concentration of the salt ions “i” with charge iz  and the summation is 
considered for all types of ions in solution. The Langmuir equation is valid at all points 
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between the surfaces but was conveniently evaluated using the potential and its 
gradient at one of the surfaces here. Knowing the disjoining pressure as a function of 
separation distance, the EDL interaction force between the colloid probe and the flat 
surface was calculated by applying the Derjaguin approximation as follows:    
   2edl p
h
F h R d  

                                                                                         (3.12) 
The integration was carried out using the function Quad of MATLAB. In the 
integration, the pressure as a function of separation distance was approximated using 
the numerical values and the interpolation function of MATLAB. The integration limit 
at infinity was replaced by a finite distance (typically of 20/) and the superposition 
solutions of PBE (for analytically evaluating the integral from the finite distance to 
infinity) (Nguyen and Schulze 2003).  
Both the experimental results and the theoretical predictions are shown in 
diagrams as normalised force obtained by dividing the force (total or individual) by 
2 pR . 
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Chapter 4 
 
Attractive Forces between Hydrophobic Solid Surfaces Measured 
by AFM on the First Approach in Salt Solutions and in the Presence 
of Dissolved Gases 
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4.1. Abstract 
Interfacial gas enrichment of dissolved gases (IGE) has been shown to cover 
the hydrophobic solid surfaces in water. The atomic force microscopy (AFM) data has 
recently been supported by molecular dynamic simulation. It was demonstrated that 
IGE is responsible for the unexpected stability and large contact angle of gaseous 
nanobubbles at the hydrophobic solid-water interface. Here we provide further 
evidence of the significant effect of IGE on an attractive force between hydrophobic 
solid surfaces in water. The force in the presence of dissolved gas, i.e., in aerated and 
non-aerated NaCl solutions (up to 4M), was measured by the AFM colloidal probe 
technique. The effect of nanobubble bridging on the attractive force was minimised or 
eliminated by measuring forces on the first approach of the AFM probe towards the 
flat hydrophobic surface, and by using high salt concentrations to reduce gas solubility. 
As shown if Figure 4.1 our results confirm the presence of three types of forces, two 
of which are long-range attractive forces of capillary bridging origin as caused by either 
surface nanobubbles or gap-induced cavitation. The third type is a short-range 
attractive force observed in the absence of interfacial nanobubbles that is attributed to 
the IGE in the form of a dense gas layer (DGL) at hydrophobic surfaces. Such force 
was found to increase with increasing gas saturation and to decrease with decreasing 
gas solubility. 
 
Keywords: interfacial gas enrichment, IGE, AFM, hydrophobic attraction 
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Figure 4.1. Three types of forces were observed between hydrophobic surfaces including; two 
long-range attractive forces and a short-range attractive force observed in the absence of 
interfacial nanobubbles. It is suggested that the long-range forces have a capillary bridging 
origin and are caused by either surface nanobubbles or gap-induced cavitation, while the 
short-range force is originated from IGE in the form of DGL at hydrophobic surfaces. 
 
4.2. Introduction 
Strong attraction between hydrophobic surfaces plays an important role in a 
wide range of phenomena, from protein aggregation to bubble-particle interaction in 
separation processes. Several mechanisms have been proposed, yet the 
experimental validation is still contentious. The complexity of this interaction is 
underpinned by a number of mechanisms that may be concomitant, and the resulting 
interaction measured experimentally is a compounding effect. The attempts to 
disentangle different contributions shed some lights, yet mechanistic insights 
remained largely undefined. The mechanisms suggested in the literature include the 
entropic origin (Israelachvili and Pashley 1984, Claesson et al. 1986, Eriksson et al. 
1989), nanobubble bridging capillary force (Parker and Claesson 1994, Attard 1996, 
Hampton and Nguyen 2010), cavitation (separation-induced phase transition) 
(Rabinovich et al. 1982, Yaminsky et al. 1983, Christenson and Claesson 1988, Bérard 
et al. 1993, Craig et al. 1993, Yaminsky and Ninham 1993, Wood and Sharma 1995, 
Craig et al. 1999, Stevens et al. 2005), hydrodynamic fluctuating correlation 
63 
 
(Ruckenstein and Churaev 1991), electrostatic origin (Attard 1989), and charge-
fluctuation correlation (Podgornik 1989). 
Dissolved gases have shown to have a significant effect on the attractive forces 
between hydrophobic surfaces (Gong et al. 1999, Mahnke et al. 1999, Ishida et al. 
2000, Nguyen et al. 2003, Snoswel et al. 2003, Meyer et al. 2005, Zhang et al. 2005, 
Hampton and Nguyen 2007, Hampton et al. 2009, Hampton and Nguyen 2009, 
Hampton and Nguyen 2010, Nguyen and Nguyen 2010). The effect of bridging 
nanobubbles and cavitation on hydrophobic attraction has been extensively 
documented and is supported by a comprehensive body of experimental evidence. 
However, detailed analysis of experimental data indicates that surface nanobubbles 
and cavitation are not the only reasons responsible for the long-range attractive forces 
between hydrophobic surfaces. There could be other mechanisms to affect 
hydrophobic attraction, although the experimental account of such interactions is 
limited (Vinogradova and Horn 2001).  
A number of recent studies suggested the existence of IGE layer on the 
hydrophobic surfaces (Brenner and Lohse 2008, Lu, Yang et al. 2012, Peng et al. 
2013) which causes an attractive force between hydrophobic surfaces. The 
experimental challenges of measuring such forces are due to the difficulty in excluding 
contributions from nanobubbles and/or contact-/gap-induced cavitation. Some 
experimental efforts have been focused on performing force measurements in 
degassed water. However, the feasibility of degassing water to a significantly low level 
to confidently exclude the effects of surface nanobubbles or the cavitation induced 
capillary bridging remains questionable. 
In this chapter, the hydrophobic attractive forces between hydrophobic silica 
surfaces were studied using AFM colloidal probe technique. Specifically, we focused 
on measuring the interaction forces between the hydrophobic surfaces in aerated NaCl 
solutions of different concentrations (up to saturation) which take advantage of the 
effect of salts on gas solubility and, therefore, enables us to ascertain the effect of 
dissolved gases. We used the AFM tapping mode to probe the presence of surface 
nanobubbles. We utilised a first contact approach force measurement technique to 
minimise, and eliminate in many cases, the effect of nanobubble bridging on the 
attractive force. This measurement approach, aside from its practical advantages, can 
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also help to gain a more detailed understanding of interactions that occur, for example, 
in flotation, when the first interaction between bubbles and particles is the key 
determinant of attachment efficiency. Finally, we conducted a computational analysis 
of force interactions to examine the effect of IGE on attractive forces between 
hydrophobic solid surfaces. 
   
4.3. Result and Discussions 
4.3.1. Methodological aspects 
The measurement method is very important in studying surface forces between 
hydrophobic surfaces. The colloidal probe technique (Butt 1991, Ducker et al. 1991) 
has found to be particularly suitable to study such interactions. Firstly, we have utilised 
a so-called “first contact approach” measurement method to minimise/eliminate the 
effect of nanobubble bridging on the attractive forces (Yakubov et al. 2000). In this 
method, we brought the surfaces close together and carried out the force 
measurement prior to the first contact between the colloidal probe and silica surface 
occurred. Using this approach, the contribution of cavitation to the attractive surface 
forces can be minimised or eliminated, and the attractive forces can be measured 
under more controlled conditions.  
To illustrate the effect of contact-induced cavitation, we measured force curves 
in water at different contact approaches. It was observed (Figure 4.2) that the range 
and magnitude of attractive force were increased after surfaces were in contact. For 
the multiple subsequent approaches, the jump-in distance reached a plateau at around 
50 nm. A net repulsive force was observed for all measured force curves prior to it 
being superseded by an attractive force at shorter distances. We note that the profile 
of the repulsive force does not change with the numbers of approaches and the 
magnitude of jump-in distance. These results indicate that formation of vapour cavities 
between hydrophobic surfaces is a likely mechanism of interaction, whereby a 
cavitation-induced capillary bridging is responsible for the observed approach-
dependent attraction. These results also suggest that it may not be possible to 
completely rule out the possibility of formation of gas-water capillary vapour bridges 
even during the first approach, especially in the case of aeration.  
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Figure 4.2. Measured force curves at different contact approach in DI water. The attraction 
range and magnitude change increased after the first contact approach. 
 
Secondly, hydrodynamic forces can have a significant effect on the measured 
force curves especially with larger size probes and at smaller separations. The effect 
of hydrodynamics for the Rp=10±0.3 µm probes used in this study was found to be 
below the noise (∆𝑧≤ 1Å) for driving speeds below 2 μm/s. The examples of force-
distance curves recorded at different speeds can be found in Figure 3.6. 
Thirdly, due to the ambiguity of possible interpretations of interactions in the de-
gas systems, we used aerated and non-aerated solutions of different salt 
concentrations. The use of salt enabled to control gas concentration through the 
thermodynamically defined parameter of gas solubility, in equilibrium (non-aerated) 
and super-saturated (aerated) conditions. The aeration was performed by purging 
nitrogen gas through the salt solution overnight. Figure 4.3 shows the force curves 
between silica surfaces in two systems of aerated and non-aerated solutions at 10 mM 
NaCl concentration. The aeration of the solution results in three- to fivefold increase 
in jump-in distance. Based on the literature data, one can safely attribute this increase 
in attractive interaction to the formation of gas capillary bridges in aerated solutions.  
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Figure 4.3. Measured force curves on the first approach in 10 mM NaCl aerated and non-
aerated solutions. 
 
 
4.3.2. Forces in solutions with high gas solubility (low salt concentrations) 
The interaction profiles in aerated solutions were characterised by an abrupt 
onset of attractive forces that resulted in surfaces snapping into the contact from 
distances significantly exceeding the expected range of van der Waals forces. The 
results are consistent with the hypothesis that in aerated solutions gas may nucleate 
on hydrophobic surfaces, thereby resulting in the formation of surface nanobubbles. 
At surface separations comparable with nanobubble size, the formation of a capillary 
bridge between surfaces becomes, therefore, possible, and the attractive capillary 
force drives surfaces into the contact. This hypothesis finds additional support if one 
considers the interaction profiles in solutions with low salt concentrations (< 50 mM). 
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In such solutions, a repulsive barrier was detected prior to jump-in, which was found 
to depend on the salt concentration in a manner expected for EDL forces. We used 
numerically calculated DLVO force to model the measured repulsive barrier. Figure 
4.4 shows the force curve recorded in aerated 1 mM NaCl solution together with 
theoretical DLVO profiles corresponding to different interaction scenarios. As a 
reference, the expected force-distance profile for the interaction without surface 
nanobubbles is also presented (dashed line with -45 mV), which illustrates the 
magnitude of the offset required to generate the curve consistent with the experiment. 
For a symmetric case of two nanobubbles of equal sizes residing on both surfaces the 
best fit to the data was achieved if -26±2.5 mV surface potential is assumed for the 
air-liquid interface, and the 77.5 nm shift in the apparent separation is applied to 
account for ~39 nm tall bubble caps.  The values for the nano-bubble interface 
potential (-25mV) inferred from the DLVO modelling show values close to that 
expected from the literature. The sensitivity analysis was performed by using the 
values of surface potentials found for the 1mM case and using them to model the 
curves recorded in 10mM NaCl and in DI water. In both cases, the theoretical 
predictions were in a good agreement with the experimentally observed force profiles. 
It was therefore concluded that the experimental interaction profiles were found to be 
consistent with the presence of surface nanobubbles that cause the shift of the 
apparent interfaces, which results in the earlier than expected onset of EDL repulsion. 
Since the force profiles were measured on the first approach, we concluded that these 
nanobubbles are pre-existing rather than being caused by cavitation during the contact 
between surfaces.  
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Figure 4.4. Measured force curve in aerated 1 mM NaCl solution, the dashed line shows the 
expected DLVO force described by Eq. (1) with EDL force calculated using numerical 
solution and surface potential -45 mV. The solid lines show DLVO forces (constant charge 
and constant potential) modelled using the apparent shift in separation to account for the 
presence of the surface bubble cap. Effective separation is the shortest separation distance 
between two bubble surfaces.  
 
The interaction observed in non-aerated solutions is more ambiguous. As seen 
in Figure 4.3, the interaction on subsequent approaches results in the increase of 
jump-in distance. However, the repulsive barrier (prior to jump-in) remains unchanged. 
Such behaviour would be consistent if the formation of a capillary bridge would be a 
result of a gap-induced cavitation, yet without formation of stable gas nanobubbles 
which otherwise would significantly affect surface potential and the resulting repulsive 
force. 
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4.3.3. The effect of gas solubility on the interaction in NaCl solutions 
Salts can limit the dissolved gas content of the solution by changing gas 
solubility (Weissenborn and Pugh 1996). Weissenborn and Pugh (Weissenborn and 
Pugh 1996) reported that electrolytes decrease the equilibrium concentration of the 
dissolved gas. We predict that at sufficiently high salt concentration, where gas 
solubility is sufficiently low, the formation of nanobubbles may be severely inhibited 
even in aerated solutions. Figure 4.5 shows a set of typical force curves recorded 
during the first approach between silica surfaces in aerated NaCl solutions. As can be 
seen from the figure, DI water shows the longest range of attraction whereas the 
shortest range of attraction was observed in solutions with high salt concentration. 
This observation agrees with the hypothesis that increasing the electrolyte 
concentration decreases gas solubility, and hence decreases the probability of the 
formation of gas nanobubbles. The jump-in distance data from the 10 repetitions for 
each salt concentration are summarised in Table 4.1. The relevant concentration of 
soluble air in each salt solution in this table was calculated using the Henry law for 
solubility of oxygen and nitrogen, and the Setchenov equation (Litt 1971),   
  0 NaClexp 0.294 MC C C  , for linking concentration of oxygen soluble in NaCl 
solution, C, with concentration of oxygen soluble in water, 𝐶0, at 25
𝑜𝐶. The Henry 
constants for oxygen and nitrogen are 756.7 and 1600 atm/M, respectively. Similar 
results can be obtained using a different approach (Sun et al. 2001, Geng and Duan 
2010). Table 4.1 also shows a similar decrease in dissolved oxygen concentration of 
the non-aerated solutions as measured using a dissolved oxygen probe. As can be 
seen, the gas solubility decreases significantly with increasing the salt concentration 
and the effect of salt on the gas solubility is considerably more significant at higher salt 
concentrations.  
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Table 4.1. The range of attractive force curves vs concentration of NaCl and soluble air (21% 
O2 and 79% N2), and measured dissolved oxygen at ambient condition (1 atm of total pressure 
and 25 oC). 
Salt concentration (mM) 0 (water) 1 10 100 1000 2000 4000 
Soluble air (M) 771 771 769 749 575 428 238 
Measured (calculated) 
dissolved oxygen (M) 
268.8 0.2 
(278) 
268.2 0.2 
(278) 
265.9 0.3 
(277) 
256.3 0.5 
(269) 
213.4 0.5 
(207) 
178.1 0.6 
(154) 
131.3 0.6 
(86) 
Attraction range (nm) 100-120 85-100 60-80 40-65 30-40 <20 <20 
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Figure 4.5. Comparison of the measured force curves for different salt concentrations showing 
the decrease in magnitude and jump-in distance of attractive force with increasing salt 
concentration. 
 
AFM imaging in the AC (tapping) mode in liquid on the hydrophobic silica 
surfaces was used to probe the presence of nanobubbles on the surfaces. Figure 4.6 
shows the AFM height images of the hydrophobized silica surfaces in aerated 
solutions with different salt concentrations. The AFM image shows the presence of 
bubbles on the surface, with the sizes decreasing with increasing salt concentration 
as expected from the changes in the solubility. Figure 4.6c shows the height image of 
the silica surface in 4 M aerated NaCl solution, where no detectable bubbles were 
observed.  
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Figure 4.6. AFM Height images of hydrophobized silica in a) aerated water solution, height 
range 65 nm, width 1.5 µm b) 1 M aerated salt (NaCl) solution, height range 25 nm, width 
1.5 µm c) 4 M aerated salt (NaCl) solution, height range 5 nm, width 5 µm. AFM height 
image in 4 M aerated NaCl solution shows the absence of surface nanobubbles. 
 
 
Figure 4.7 shows the force curves between hydrophobic silica surfaces 
recorded in 4 M aerated and non-aerated NaCl solutions. An attraction at short-range 
was observed at  16 nm and 8 nm for aerated and non-aerated solutions, 
respectively. The force curve measurements for both non-aerated and aerated 
solutions showed good repeatability in several measurements. The range of this 
attraction is still beyond the expected range of van der Waals forces expected to 
induce a jump into contact at distances  5 nm where the magnitude of the force 
gradient exceeds the cantilever spring constant. Mastropietro and Ducker (2012) 
conducted a study of the hydrophobic attractive force between hydrophobic surfaces. 
They carried out their measurements in the degassed electrolyte solution and reported 
that their experimental results agree with the calculated vdW force. In our study, the 
range of the measured forces increases with aeration, despite no nanobubbles were 
detected by the AFM surface imaging. While the attraction measured in non-aerated 
solutions is very close to that expected for vdW attraction, and the discrepancies can 
be attributed to the effect of surface roughness and cantilever thermal oscillations, the 
attraction in aerated solution is of considerably longer range in comparison with the 
expected vdW force. 
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Figure 4.7. Comparison of the short-range forces in 4 M aerated and non-aerated NaCl 
solutions with the expected vdW force (by 5-layer model with SiO2/Octanol/solution/ 
Octanol/SiO2) as shown by the first term on the right-hand side of Eq. (1). The range of the 
measured forces shows an increase in aerated solution as a result of dissolved gases, 
despite the absence of nanobubbles according to the AFM imaging results. The attraction 
in aerated solution is of considerably longer range in comparison with the expected vdW 
force. 
 
It is possible to suggest two potential mechanisms explain the observed results; 
cavitation and changes in vdW forces in presence DGL on the surfaces. 
 
4.3.4. Possible mechanisms for cavitation during the first approach 
Cavitation has been shown to affect the attractive surface forces. It originates 
from a phase-like transition that facilitates the formation of a nanoscale vapour cavity 
that ultimately leads to capillary bridging (Rabinovich et al. 1982). It is generally 
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accepted that the presence of dissolved gases facilitates cavitation as they reduce the 
cohesive barrier of the liquid, as well as act as nucleation seeds and facilitate cavity 
growth. We studied the attractive surface forces at different contact approaches to 
verify the effect of cavitation on the surface forces.  
Figure 4.2 shows the measured surface forces at different contact approaches 
between two hydrophobic silica surfaces in water. As shown in this figure, the 
attraction range was the shortest for the first contact approach and was increased at 
the later contact approaches. The jump-in distance was larger during the second 
contact approach than the first contact approach and was increased with subsequent 
contacts until reaching a plateau. This behaviour would be consistent with the 
formation and expansion of a capillary bridging force between two hydrophobic 
surfaces.  
By contrast, the interaction measured between hydrophobic surfaces at very 
high salt concentrations was virtually independent of the number of approaches. As 
shown in Figure 4.8, the jump-in distance stays constant for repeated approach-
separation cycles. The decreased amount of dissolved gas could result in lower 
probability of cavity formation after interaction of the surfaces, which can dramatically 
decrease the probability of formation of capillary bridges. 
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Figure 4.8. Measured force curves at different approach contacts in 4 M NaCl aerated solution. 
The attraction range and magnitude did not vary considerably at different contact approaches. 
 
4.3.5. The effect of DGL on surface forces 
The absence of the approach dependency of the attractive force in high salt 
aerated solutions can also be a result of the formation of a dense gas layer (DGL) on 
the hydrophobic surfaces. In this scenario, the presence of DGL would modify the 
DLVO profile by both modulating the surface potential as well as by changing the vdW 
free energy. Recently, Peng et al. (2013) used molecular dynamic simulation to study 
IGE in the form of a dense gas layer (DGL) on the hydrophobic solid-water interface. 
Their simulation results showed that a gas layer was formed on the hydrophobic 
surface when equilibrated with normal pressure and temperature.  
Figure 4.9 shows the experimental curve recorded in the aerated 4M NaCl 
solution together with the results of numerical simulation of a vdW multi-layer system 
with different parameters of DGL (1 nm layer of octanol is assumed). The results of 
the simulation are in good agreement with the experiment if DGL thickness is assumed 
anywhere between 2.5 and 3 nm. The sensitivity analysis suggests that further 
increase in DGL thickness results in the even earlier onset of attractive interaction. We 
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also note that the force gradient predicted by the 7-layer model is highest for DGL 
thicknesses anywhere between 1 and 4 nm. This is compared to the cases of no DGL 
or a thick DGL (>5 nm). This is due to the influence of the repulsive component 
originated from SiO2/water/DGL(air) interaction, and it is responsible for a rather 
abrupt jump-in contact observed in our experiments in which we used soft cantilevers. 
 
 
Figure 4.9. Comparison of the calculated vdW force with the experiment in 4M NaCl non-
aerated solution. The vdW force was calculated using 5-layer model, as given by the first 
term on the right-hand side of Eq. (1), with either SiO2/Octanol/solution/ Octanol/SiO2 or 
SiO2/DGL/solution/DGL/SiO2 and 7-layer model with either SiO2/Octanol/DGL/ 
solution/DGL/Octanol/SiO2. The thicknesses are shown in the legend.  
 
Figure 4.10 shows the comparison of the calculated DLVO forces with DGL with 
the measured hydrophobic attractive force curve between the two hydrophobic silica 
surfaces in 10 mM NaCl solution. In this case, we consider the corrected separation 
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distance for the calculated DLVO force for DGL existing on the surface, the total 
thickness of 8 nm was used for the DGL on the hydrophobic surfaces. The good 
agreement between the calculated DLVO force and the experimental result for 10 mM 
NaCl solution shows that the repulsion comes from EDL force in the solution (using a 
lower surface potential, similar to DGL (Peng et al. 2013), and considering the height 
of the gas layers on the surface to calculate the electrostatic double layer force 
between the gas layer surfaces). 
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Figure 4.10. Comparison of the calculated DLVO force as described by Eq. (1) with the 
experiment; two DGL-modified surfaces interacting in a) 4M NaCl non-aerated and b) 10 
mM NaCl non-aerated solutions. The surface potential for DGL is -19 mV for the case of low 
salt concentration. The DGL layer thickness is 10.1 nm for the high salt concentration (low 
gas solubility) and 5.250.3 nm for the low salt concentration case (high gas solubility). 
 
4.4.  Conclusions 
Surface forces between moderately hydrophobic silica surface (with a contact 
angle of 85o) in water and NaCl solutions were experimentally determined and 
analysed. The effects of dissolved gases on hydrophobic interactions were 
investigated at several ionic strengths of NaCl solutions.  
Dissolved gases showed to affect the forces between hydrophobic surfaces. 
Depending on the exact scenario (degree of gas saturation and its solubility), three 
types of forces were observed, including long-range attractive forces between the 
hydrophobic surfaces affected by capillary bridging formed by the coalescence of pre-
existing surface nanobubbles and/or gap-/contact-induced cavitation. We also showed 
the existence of the short-range attractive force in the absence of apparent cavitation 
or surface nanobubbles. The evaluation led us to conclude that IGE and presence of 
DGL can account for such interaction and with using a DLVO approach, albeit 
modulated to include extra layer on the surface. The presence of DGL can also be 
responsible for cavitation in the moderately aerated systems.  
Finally, our results may suggest that for the non-aerated solutions with very low 
gas solubility we may observe forces that in close agreement with vdW, and can be 
accounted by including a thin DGL. We expect that with de-gassing the IGE thickness 
may become very small (if not zero), and therefore interaction between hydrophobic 
surfaces in the absence of gas may follow classical vDW prediction, which agrees with 
conclusions by Mastropietro and Ducker (2012). Our results may suggest that possible 
water structure changes can extend the range of forces due to gas molecules 
distorting water structure locally. However, it appears that this requires further 
investigations, perhaps in the systems, where vdW forces are extremely weak and/or 
repulsive.  
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Chapter 5 
 
The Short-Range Attractive Force between Hydrophobic Surfaces 
in the Absence of Nanobubbles is Governed by Dissolved Gases 
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5.1. Abstract 
The short-range attractive forces between hydrophobic surfaces are key factors 
in protein folding, lipid self-assembly and particle-bubble interaction such as in 
industrial flotation. Little is known about the effect of dissolved gas on the force, in 
particular in those systems where the formation of surface nanobubbles is suppressed. 
Here we probe the short-range attractive force between hydrophobized silica surfaces 
in concentrated aqueous 1:1 electrolytes, with varying isotherms of gas solubility. The 
Atomic Force Microscopy (AFM) colloid probe force measurement shows that 
increasing salt concentration or equivalently decreasing gas solubility results in the 
decrease of the force magnitude as well as shortening of its range. The behaviour was 
found to be consistent across all four salts tested, as it can be seen in Figure 5.1. 
Using numerical computations for the DLVO force between surfaces, we corroborate 
that attractive force can be adequately explained by a conventional van der Waals 
model, which is modified to account for the interfacial gas enrichment (IGE) resulting 
in a formation of a Dense Gas Layer (DGL) adjacent to the hydrophobic surface. We 
found that the formation of a gas layer on the hydrophobic surface is affected only by 
the concentration of dissolved gases and is independent of the salt type.  
Keywords: dissolved gases, IGE, AFM, hydrophobic interaction, salt 
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Figure 5.1.  Increasing salt concentration, hence decreasing gas solubility, decreased the 
range and magnitude of the measured forces between hydrophobic surfaces in a salt 
solution, while the measured forces remained similar at solutions of different salt types but 
similar gas solubilities. 
 
5.2. Introduction 
Hydrophobic interactions are known to be critical in protein folding and 
aggregation, a lipid assembly, as well as they,  govern particle-bubble interactions in 
both biological systems and industrial processes such as flotation. 
In the majority of systems under normal atmospheric conditions, the nucleation 
of surface nanobubbles can hardly be avoided, resulting in large range attraction force 
with the range up to several hundred nanometres. The nature of these forces is 
essential of the capillary and associated with the formation of a gas bridge between 
the surfaces (Parker and Claesson 1994, Attard 1996, Hampton and Nguyen 2010). 
Under high pressures, or high salt concentration as those found in the depth of the 
ocean, ground waters and ice sheets formation of bubbles may be suppressed. A 
mounting experimental evidence suggests that under this conditions the forces 
between hydrophobic surfaces are still cannot be described by the classical DLVO 
theory, additional hydrophobic forces in the absence of nanobubbles are postulated. 
A number of mechanisms have been proposed including the entropic origin originating 
from the water structure between the hydrophobic surfaces (Israelachvili and Pashley 
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1984, Claesson et al. 1986, Eriksson et al. 1989), and fluctuation correlation 
mechanisms, whereby confinement induces large density fluctuations that may result 
in anomalous hydrodynamic pressure (Ruckenstein and Churaev 1991), aqueous 
charge (Podgornik 1989), or dipole correlations (Attard 1989). 
Recent results suggest, however, that thorough removal of dissolved gas 
results in surface interactions being close agreement with classic van-der-Walls model 
(Mastropietro and Ducker 2012). Indirectly, these findings suggest that the origin of 
additional attractive force between hydrophobic surfaces should lie with the dissolved 
gas. It was shown in the previous chapter that in the absence of nanobubbles 
saturating aqueous electrolyte with gas results in the increased range of attractive 
forces. It is, however, very challenging to precisely control gas concentration by 
degassing or super-saturating, as it takes the system outside of thermodynamic 
equilibrium. Under such dynamic conditions, the observed forces may be strongly 
implicated by non-equilibrium gas concentration gradients associated with the non-
zero mass transfer between the solution and the atmosphere.  
In this work, it is aimed to evaluate the role of the dissolved gas on the attractive 
force between hydrophobic surfaces by manipulating gas solubility using concentrated 
aqueous solutions of several 1:1 electrolytes. The approach enables to single out the 
effect of the dissolved gas and disentangle it from possible contributions from ion 
surface adsorption. 
 
5.3. Results and discussion 
The solubility of dissolved gases is affected by the presence of electrolyte in 
the solution, with solubility decreasing with increasing salt concentration (Schumpe et 
al. 1978, Narita et al. 1983, Weissenborn and Pugh 1996). Figure 5.2 shows the 
change in dissolved oxygen solubility with changing the salt concentration for different 
salts including;  NaCl, LiCl, KCl, and CsCl (Weissenborn and Pugh 1996). As it can be 
seen, the gas solubility is decreased with increasing the salt concentration. 
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Figure 5.2. Oxygen solubility in salt solutions with increasing electrolyte concentration. Circles 
show the salt concentrations used for the experiments. Circles show the concentrations with 
similar gas solubility, in which each set of experiments were carried out. 
 
To perform force-distance measurements, the concentrations of electrolyte 
were chosen to have matching gas solubility. Figure 5.3 shows the result of force 
measurements in four 1:1 different electrolytes at four levels of gas solubility. For each 
type of salt decreasing the content of dissolved gases results in the decrease of the 
magnitude of the attractive force as well as shortening of its range. The range of the 
attractive force is considerably larger than that expected for vdW attraction assuming 
interaction between octanol-modified Si surface. The results of atomic force 
measurement at different salts and concentrations are summarised in Table 5.1. We 
note that the attractive force in different salts with the same concentration is different, 
which excludes the possibility that the observed changes are associated with some 
non-linear effects in 1:1 electrolytes. In such case, one would expect for the force to 
be the function of the electrolyte concentration only. Furthermore, the concentration of 
dissolved oxygen for the different salt solutions and concentrations, used in the atomic 
force measurements, were measured using a dissolved oxygen probe. The 
experimental measurements of dissolved oxygen also showed a similar decrease of 
the gas content for the different salt solutions and concentrations, as presented in 
Table 5.1. 
0.2
0.4
0.6
0.8
1
0 1 2 3 4 5 6 7
C
/C
0
Salt Concentration (M)
NaCl KCl
CsCl LiCl
89 
 
 
  
  
Figure 5.3. Comparison of the force curves at different concentrations of different solutions 
shows that the range and magnitude of the force are reduced by increasing the salt 
concentration. The measurements were carried out for solutions of different salts; a) NaCl, b) 
KCl, c) CsCl, d) LiCl. 
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Table 5.1. The measured force curves at different ionic strengths of the solution show that the 
hydrophobic attraction range is decreased with increasing the salt concentration in the 
absence of the surface nanobubbles. This suggests that the dissolved gases, which their 
content are decreased with increasing the electrolyte concentration, would affect the 
hydrophobic attraction. 
 
Salt types and 
concentrations 
 
C/C0 
Measured 
dissolved 
oxygen (μM) 
Calculated gas 
layer (IGE) 
height (nm) 
Measured 
attraction range 
(nm) 
0.1 M NaCl 
0.11 M KCl 
0.14 CsCl 
0.16 LiCl 
 
0.970446 
 
256.3±0.5 
244.7±0.7 
248.2±0.6 
261.6±0.5 
4.88±0.20 
4.84±0.081 
5.1±0.08 
5.14±0.16 
 
15-19 
1 M NaCl 
1.07 M KCl 
1.36 M CsCl 
1.58 LiCl 
 
0.740818 
 
213.4±0.5 
208.7±0.5 
201.1±0.7 
205.4±0.8 
2.38±0.05 
2.28±0.04 
2.34±0.04 
2.38±0.04 
 
11-14 
2 M NaCl 
2.14 M KCl 
2.73 M CsCl 
3.16 M LiCl 
 
0.548812 
 
178.1±0.6 
185.8±0.9 
171.2±0.7 
167.4±0.6 
1.4±0.06 
1.25±0.05 
1.3±0.1 
1.3±0.06 
 
9-11 
4M NaCl 
4.29 M KCl 
5.45 M CsCl 
6.32 M LiCl 
 
0.301194 
 
131.3±0.6 
116.8±0.9 
128.1±0.8 
121.8±0.6 
1.24±0.07 
1.4±0.08 
1.3±0.03 
1.4±0.04 
 
8-10 
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AFM surface imaging was also used to characterise the surface morphology 
and demonstrate the absence of the surface nanobubbles. Figure 5.4 shows the height 
image of the hydrophobic silica surface, used for force measurement, which indicates 
the attractive force measured is not complicated by the surface nanobubbles or 
surface roughness.  
 
 
Figure 5.4. AFM height image of the hydrophobic silica surface shows the absence of surface 
nanobubbles on the studied surface for force measurement; however, there still exist an 
attraction of larger than the expected from DLVO. 
 
A multilayer model was used for calculation of the vdW force on the surface to 
explore the possibility of formation of IGE in the form of DGL on the hydrophobic silica 
surface. The 7-layer model includes two layers of gas on the interacting silica surfaces 
esterified with 1-octanol. Figure 5.5 shows the comparison of the measured force 
curve at 4M NaCl with the 7-layer model. The model shows good agreement at a larger 
separation distance, and show some deviations from the measurement at shorter 
distances, which can be due to the mechanical instability of the cantilever at shorter 
separation distances and the effect of roughness.  
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Figure 5.5. Comparison of the measured force at 4 M NaCl with 7 layers DLVO model. The 
length of a gas layer on each surface is 1.2 nm. 
 
 Figure 5.6 shows the predicted IGE length at different salt concentrations, for 
different salts. It was observed that the predicted length of the gas layer was longer 
for lower salt concentrations, while shorter length of gas layers was observed for 
higher salt concentrations. We predict that in higher salt concentrations, with lower 
gas solubility, the formation of a gas layer on the surface is more limited and hence a 
thinner gas layer is formed. In the solutions with lower salt concentrations and higher 
gas solubility, the possibility of formation of a larger gas layer is higher. Figure 5.7 
shows the predicted IGE length for different salt types at salt concentrations with 
similarly dissolved gas solubilities. It was observed that at salt concentrations with 
similar gas solubilities, a similar length of gas layers was observed for different salts, 
as shown in Figures 5.7. These results are in good agreement with the hypothesis that 
the dissolved gas content, affected by the salt concentration, is a crucial factor for 
controlling the interaction between hydrophobic forces and the attractive force 
between the hydrophobic surfaces, in the absence of nanobubbles. 
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Figure 5.6. Comparison of the predicted IGE length at different concentrations of different salt 
solutions shows that the length of IGE layer is reduced with increasing the salt concentration. 
The different salt solutions include; NaCl, KCl, CsCl, LiCl. a) comparison of IGE length at 
different concentrations b) The salt concentrations used for measurements with similar gas 
solubilities. 
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Figure 5.7. The predicted IGE length at different concentrations of different salt solutions 
shows that the length of IGE layer is reduced with increasing the salt concentration. The 
different salt solutions include; NaCl, KCl, CsCl, LiCl. Each point represents the mean value 
of the calculated IGE heights, of all four salts, for 5 measurements (20 measurements for each 
point). The standard errors were 0.032, 0.028, 0.021, 0.071 nm, respectively in ascending 
order. 
 
The repeatability of the measurements is shown in Figures 5.8-5.11. Force 
measurements were carried out at various runs for each salt and concentrations. 
Figures 5.8 to 5.11 show the repeat of various runs for different salts including NaCl, 
KCl, CsCl, LiCl, respectively. Figures a to d present the repeat of the force 
measurements, between the hydrophobic silica surfaces, for the solutions with highest 
salt concentration (lowest gas solubility) to the lowest salt concentration (highest gas 
solubility). As it can be seen in Figures 5.8 to 5.11 the measurements found to be 
repeatable at different runs for different salts and concentrations.  
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Figure 5.8. Force curves at different concentrations of NaCl solutions: a) 4 M, b) 2 M, c) 1 M 
d) 0.1 M 
 
  
  
Figure 5.9. Force curves at different concentrations of KCl solutions: a) 4.29 M, b) 2.14 M, 
c) 1.07 M d) 0.11 M 
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Figure 5.10. Force curves at different concentrations of CsCl solutions: a) 5.45 M, b) 2.73 M, 
c) 1.36 M d) 0.14 M 
 
  
  
Figure 5.11. Force curves at different concentrations of LiCl solutions: a) 6.32 M, b) 3.16 M, c) 
1.58 M d) 0.16 M 
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5.4.  Conclusions 
We studied the short-range attractive force between hydrophobized silica 
surfaces in electrolyte solutions using AFM colloid probe force measurement carried 
out in concentrated aqueous solutions of 1:1 electrolytes (NaCl, KCl, CsCl, and LiCl). 
In the absence of nanobubbles, which was confirmed using AFM imaging, it was 
observed that the range and magnitude of the short-range force between the 
hydrophobic surfaces decreased with increasing salt concentrations. However, this 
dependency does not scale with the electrolyte concentration. Instead, we find that 
across all four salt types the force perfectly scales with dissolved gas concentration, 
so that the measured hydrophobic attraction in different salt solutions with matching 
gas solubility is practically identical.  
A 7-layer vdW model was used to model experimental data. A good agreement 
with the experiment was achieved by evoking IGE concept that results in the formation 
of DGL at the hydrophobic surface. It is corroborated that the DGL thickness 
decreases with decreasing gas solubility up to a thickness of ca. 14 Å beyond which it 
remains constant. These findings are in agreement with the hypothesis that dissolved 
gases control the attractive force between hydrophobic surfaces. 
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Chapter 6 
 
Interactive Forces between Hydrophobic Solid Surfaces in 
Nonaqueous Solutions Studied by AFM 
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6.1. Abstract 
Interactive surface forces between hydrophobic surfaces are significantly 
important in different phenomena. The presence of a short-range attractive force 
between hydrophobic solid surfaces has been reported in aqueous solutions. The 
mechanism and origin of this force have remained controversial. There is limited 
evidence of the presence of such interactive force between hydrophobic solid surfaces 
in nonaqueous solutions. In this study, the interaction between hydrophobic silica 
surfaces was studied in nonaqueous solutions. Atomic Force Microscopy (AFM) was 
used to study the interactive forces between the hydrophobic solid surfaces. 
Formamide and dimethyl sulfoxide (DMSO) were used as the nonaqueous solutions. 
Formamide has a three-dimensional hydrogen-bonding network similar to water, 
unlike DMSO. Furthermore, DMSO was mixed with water at different concentrations 
for the measurements. The AFM force measurement results showed there is a short-
range attractive force between the hydrophobic solid surfaces in formamide, while no 
attraction was found in pure DMSO solution. However, in the DMSO solutions mixed 
with water at 50-50% and 25-75% of DMSO-water mixtures, an attractive force was 
observed between the hydrophobic solid surfaces. These findings suggest that the 
solution bonding structure and the presence of dissolved gas molecules affect and 
control the interaction between the hydrophobic solid surfaces. 
 
Keywords: hydrophobic, nonaqueous, formamide, DMSO, AFM, dissolved gas 
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6.2. Introduction 
Interactive forces between hydrophobic surfaces are shown to be significantly 
important in many areas. This has attracted the attention of scientists in various fields 
to study the nature of hydrophobic interactions. Research on this topic has been 
carried out for a few decades; however, the true mechanism of the hydrophobic 
interactions is still unknown. The majority of the studies conducted have studied 
hydrophobic interactions in aqueous solutions. There seem to be limitations, which 
have focused the research on hydrophobic interactions mainly in aqueous solutions. 
Such limiting factors can range from complicated experimental techniques to 
uncertainties related to factors affecting hydrophobic interactions. The complexity of 
the systems, including the hydrophobic interactions and the unknown nature of these 
forces, have made research in this area more challenging. Hence, the available 
knowledge of hydrophobic interactions in non-aqueous solutions seems to be more 
scares. Furthermore, research on interactions between hydrophobic surfaces have 
been preferentially performed in aqueous solutions as aqueous environments are 
easier to control, and the properties of aqueous solutions are better known; making 
aqueous environments desirable when collecting data for further analysis. 
There have been many theories suggested to describe the nature of 
hydrophobic interactions (Rabinovich et al. 1982, Yaminsky et al. 1983, Israelachvili 
and Pashley 1984, Claesson et al. 1986, Christenson and Claesson 1988, Attard 
1989, Eriksson et al. 1989, Podgornik 1989, Ruckenstein and Churaev 1991, Bérard 
et al. 1993, Craig et al. 1993, Yaminsky and Ninham 1993, Parker and Claesson 1994, 
Wood and Sharma 1995, Attard 1996, Craig et al. 1999, Stevens et al. 2005, Hampton 
and Nguyen 2010). The discovery of nanobubbles resulted from the search for the 
hydrophobic effect in aqueous solutions. The surface nanobubbles were suggested as 
the possible mechanism to account for the attractive forces between hydrophobic 
surfaces (Parker and Claesson 1994, Attard 1996, Hampton and Nguyen 2010). 
However, it is well known by the current knowledge that even though surface 
nanobubbles affect the interaction between the hydrophobic surfaces with a long-
range capillary bridging attractive forces, there is still an attractive force between the 
hydrophobic surfaces in the absence of surface nanobubbles (Ishida et al. 2012). 
Reported results on the observations of interactive forces between hydrophobic 
surfaces and nanobubbles are primarily found to be in aqueous solutions and mixtures 
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(Seddon and Lohse 2011, An et al. 2015). This has supported the idea that the 
mechanism of the attractive force between hydrophobic surfaces, in the absence of 
surface nanobubbles, is related to the aqueous solution and water properties. Possible 
suggested mechanisms, including rearrangement of the water molecules between the 
hydrophobic surfaces (Israelachvili and Pashley 1984, Claesson et al. 1986, Eriksson 
et al. 1989) and IGE on the hydrophobic surfaces in aqueous solutions (Dammer and 
Lohse 2006, Van Limbeek and Seddon 2011, Weijs, Snoeijer et al. 2012, Peng et al. 
2013, Peng et al. 2013), have also assumed that the interaction between hydrophobic 
surfaces occurs in aqueous solutions and mixtures.  
Recently, it is reported that surface nanobubbles were observed in non-
aqueous solutions (An et al. 2015). Prior to this work, there had been very limited 
evidence of the presence of nanobubbles on hydrophobic surfaces in non-aqueous 
solutions. One case reported nanobubbles which were observed in alcohol at a 
hydrophobic interface (Simonsen et al. 2004). However, the repeatability of that work 
was not confirmed by other groups (An et al. 2015). This raises interest in exploring 
how the hydrophobic effect is related to the properties of water, or if it is related to the 
hydrophobic surface, and would the hydrophobic surfaces show similar effects in non-
aqueous solutions. 
In this study, the interactions between a hydrophobic silica particle and silicon 
substrate were investigated in non-aqueous solutions. Atomic Force Microscopy 
(AFM) was used to measure and study the interactive forces between the hydrophobic 
surfaces. Formamide and (DMSO) were used as the non-aqueous solutions. The 
dissolved oxygen content of the solutions was measured experimentally. A multilayer 
mathematical model was also used to further study the experimental results. 
 
 
6.3. Results and Discussion 
Atomic force measurement between hydrophobic silica surfaces, esterified with 
1-octanol, were used. Hydrophobic interactions were studied and surface force 
measurements were carried out in non-aqueous solutions. Force measurements were 
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carried out using the colloidal probe technique (Butt 1991, Ducker et al. 1991). 
Formamide and DMSO were used to prepare the solutions for force measurements. 
Formamide and DMSO were chosen as the non-aqueous solutions due to their 
difference in exhibiting different hydrogen network types. Unlike DMSO, formamide is 
a protic solvent, which exhibits a three-dimensional hydrogen network similar to the 
three-dimensional hydrogen-bonding network that exists in water. 
Figure 6.1 shows the measured force curve between hydrophobic silica 
surfaces in formamide. As can be seen in this figure, an attractive force was found 
between the solid surfaces in this solution. The attractive force observed between the 
hydrophobic solid surfaces was found to be short-range, about 10 nm. The range and 
magnitude of this attraction were similar to the attractive force, which was previously 
found in various aqueous solutions.  
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Figure 6.1. The measured interactive force between hydrophobic silica surfaces in formamide 
showed a short-range attractive force, similar to what was previously observed in aqueous 
solutions. 
 
Atomic force measurements were also carried out in DMSO solutions between 
the hydrophobic surfaces. Figure 6.2 shows the measured force curve in DMSO 
solution between hydrophobic silica surfaces. As shown in Figure 6.2, the interactive 
force between the hydrophobic surfaces was found to be repulsive and no attraction 
was found with force measurement experiments.  
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Figure 6.2. No attractive force was found during the surface force measurements between the 
hydrophobic silica surfaces in 100% DMSO. 
 
Different DMSO-water solutions were prepared for the force measurement 
experiments. Besides using pure DMSO solutions, three other solutions of DMSO 
mixed with water were used, namely: 25% it DMSO, 50% wet DMSO, and 75% at 
DMSO mixed with water. The interactive force between the hydrophobic silica surfaces 
was measured in different DMSO-water mixtures.  
Figure 6.3 compares the force measurement results between hydrophobic 
surfaces in four different concentrations of DMSO including; pure DMSO, 25% DMSO, 
50% DMSO, and 75% DMSO mixed with water. As shown in Figure 6.3b, it was 
observed that in 25% DMSO solution, the measured interactive force between the 
hydrophobic surfaces was repulsive and no attractive force curve was observed in the 
measurements. This result was similar to the interactive force measured in pure 
DMSO solution. 
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Figure 6.3. Comparison of the force curves at different concentrations of DMSO. The 
measurements were carried out for; a) 100% DMSO, b) 75% DMSO, c) 50% DMSO, d) 25% 
DMSO. 
 
The amount of dissolved oxygen (DO) in the solutions was measured using a 
dissolved oxygen probe. A total of five test solutions were made. They were comprised 
of formamide (deionized), DMSO, and three DMSO solutions mixed with water. DMSO 
and formamide used were reagent grade and were used without further purification. 
DMSO solutions which required dilution were diluted with deionized water by weight. 
Aeration of the solutions was minimised at all stages of the experiment including 
solution transfer, mixing and measuring. Once all five solutions were made 
(formamide, 25% DMSO, 50% DMSO, 75% DMSO and 100% DMSO), the DO was 
measured in mg/L using a WTW Multi 3410 DO meter with WTW FDO 925® probe. 
The measurement procedure was repeated three times. Table 6.1 summarises the 
measured DO contents in different solutions used for the experiments. DO 
concentrations indicate that 100% DMSO had the least amount of DO and diluted 
DMSO solutions had the most amount of DO across the test solutions. Water and 
formamide appeared to have similar DO molarities. DO results of the neat DMSO and 
formamide solutions could align with the work done by (An et al. 2015). Firstly, they 
a
) 
b
) 
c
) 
d 
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reported almost no nanobubbles were seen in neat DMSO solutions when observed 
using the AFM under tapping mode. This aligns with the observation that neat DMSO 
solutions had particularly low DO molarities. Secondly, they highlighted that water and 
formamide matrixes are both protic solvents with similar 3-dimensional hydrogen 
bonding networks, and suggested this might explain why they have similar nanobubble 
stabilisation properties. Their latter observation could also align with why water and 
formamide had similar DO molarities in this experiment. It should also be noted that 
the contact angle of the non-aqueous solutions including formamide and DMSO and 
water on HOPG are reported to be; formamide: 68 ± 5º, dimethyl sulfoxide (DMSO): 
45 ± 3º, and water: 72 ± 11º (An et al. 2015). In addition, the contact angle of water on 
the sampled substrates in these experiments is 80 ± 5º, and it is very unlikely that the 
contact angle of the none-aqueous solutions in these experiments be larger than 90º 
on the hydrophobic silica substrates used in these experiments. 
 
Table 6.1. Summary of measured dissolved oxygen concentrations for different solutions 
 Formamide 25% DMSO 50% DMSO 75% DMSO 100%DMSO 
Average DO 
Molarity 
(μM) 
267.9±0.9 287.4±0.7 287.0±0.6 286.1±0.8 229.5±0.8 
 
A mathematical multi-layer DLVO model was used to calculate the expected 
interactive force on the surface according to DLVO theory. The model was used to 
investigate the possibility of formation of IGE on the hydrophobic surfaces. Figure 6.4 
shows the comparison of a measured force curve in formamide with the calculated 
model according to the multi-layer DLVO theory. The comparison showed a good 
agreement between the measured force curve in formamide and the van der Waals 
(vdW) force from DLVO theory. The force measurement results of formamide, 50% 
DMSO and 25% DMSO mixed with water solutions, which showed an attractive force, 
were compared with the multi-layer DLVO model. The comparisons of the modelling 
results, for calculating IGE length with the measured force curves, are presented in 
Table 6.2. It was predicted that the possibility of formation of a larger gas layer is 
higher in the mixture of DMSO and water at 50% and 25% DMSO solutions. The 
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predicted IGE length on DMSO solutions found to be 1.5-2 nm. However, the model 
prediction showed the measured force curves in formamide were consistent with the 
DLVO theory.  
 
 
Figure 6.4. Comparison of the model with the measured surface force in formamide. The 
model prediction shows the experimental results are in good agreement with the DLVO theory.  
 
Table 6.2. The predicted gas layer length as the result of Interfacial Gas Enrichment (IGE) on 
hydrophobic surfaces in different solutions, according to the multi-layer DLVO model.  
 Formamide 50% DMSO-
Water 
25% DMSO-
Water 
IGE length (nm) No IGE 1.5±0.03 1.8±0.02 
 
The measurement results found to be repeatable on different runs. Figures 6.5, 
and 6.6 show the repeatability of the experiments between the hydrophobic silica 
surfaces in formamide, and DMSO, respectively. Each figure shows measurements 
for five runs. 
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Figure 6.5. Repeatability of the force measurements at different runs between the hydrophobic 
silica surfaces in formamide. 
  
  
Figure 6.6. Repeatability of the force measurements at different runs between the hydrophobic 
silica surfaces in DMSO; a) 100% DMSO, b) 75% DMSO, c) 50% DMSO, d) 25% DMSO. 
 
a
) 
b
) 
c
) 
d 
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6.4. Conclusions 
Surface force interactions between hydrophobic silica surfaces were studied in 
non-aqueous solutions. Different non-aqueous solutions including formamide and 
DMSO were used. The interactive surface forces were measured using AFM. DMSO 
was used as a nonprotic solvent and formamide as a protic solvent, which exhibits a 
three-dimensional hydrogen network, similar to water. The dissolved oxygen content 
of the solutions was also measured using a dissolved oxygen probe to study the effect 
of dissolved gas content on the measured interactions.  
An attractive force was observed in formamide solution between hydrophobic 
surfaces with AFM force measurements. This force was similar to the short-range 
attractive force, which was observed in aqueous solutions. The AFM force 
measurements in DMSO did not show any attractive force between the hydrophobic 
silica surfaces. DMSO was also mixed with water to 25%, 50%, and 75% DMSO-water 
ratios and used for AFM force measurements. No attraction was found in 75% DMSO 
mixed with 25% water solution. However, an attractive force was measured between 
the hydrophobic silica surfaces in 50% and 25% DMSO-water solutions. The modelling 
results showed the possibility of IGE formation in the mixtures of DMSO with water in 
in 50% and 25% DMSO-water solutions, while the measured force curves in 
formamide were consistent with the DLVO theory. This supports the idea that the 
interaction between hydrophobic surfaces is affected by the change in the solution 
structure and the presence of dissolved gas molecules. 
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7.1. Conclusions 
In this thesis, the interactions between hydrophobic surfaces were studied. It  
aimed to explore the mechanism of hydrophobic interactions and provide further 
evidence of hydrophobic interactions and the effect of dissolved gases on the 
interaction between hydrophobic surfaces. 
The interaction between hydrophobic surfaces is known to be crucial in many 
phenomena. It covers a wide range of industries from protein folding in biotechnology 
to bubble-particle interaction in mineral processing. Hydrophobic interactions have 
been under debate for several decades. Considerable research has been carried out 
and countless papers have been published in this area trying to explain the possible 
mechanism of hydrophobic interactions. However, despite all the efforts and the 
suggested theories, there is still no agreement among scientists in this area on the 
mechanism of the hydrophobic interactions, and the origin of the interaction between 
hydrophobic surfaces stays unknown. This has made a considerable gap in the 
knowledge in this field and has made the search for the mechanism of hydrophobic 
interactions a hot topic for several decades.  
After reviewing the literature in this area, it is understood that the dissolved 
gases have a determining effect on the interaction between hydrophobic surfaces. The 
true mechanism of the effect of dissolved gases on hydrophobic interactions is still 
unclear and poorly understood. It has been reported and well documented that the 
interaction between hydrophobic surfaces can be affected by the accumulation of 
surface nanobubbles and/or vapour cavities, which cause a long-range attractive force 
with capillary bridging origin. However, there is evidence that shows there still exist 
and attraction between hydrophobic surfaces in the absence of surface nanobubbles, 
which cannot be explained by the traditional theory of DLVO for surface forces. 
This thesis used Atomic Force Microscopy (AFM) and mathematical models to 
provide evidence for the existence of three types of forces between hydrophobic 
surfaces, which could not be explained by the traditional DLVO theory. Two types of 
the forces were long-range attractive forces caused by either surface nanobubbles or 
120 
 
gap-induced cavitation between the hydrophobic surfaces. The third type force was a 
short-range attractive force existing in the absence of apparent cavitation or surface 
nanobubbles. The results of the investigations supported the evidence to conclude 
that IGE and presence of DGL can account for such an interaction. Furthermore, a 
DLVO approach, which had been modulated to include an extra dense gas layer on 
the surface, was used to explain the third type of force and provided further evidence 
to support Interfacial gas enrichment in the form of a dense gas layer on the 
hydrophobic surfaces. 
The effect of dissolved gases on the interaction between hydrophobic surfaces 
was studied in this work, for different scenarios. Salts with different concentrations 
were used to control the content of dissolved gases in the solutions. Different salts 
included; NaCl, KCl, CsCl, LiCl with different concentrations were used in this study. 
It was shown that the salt concentrations can affect the content of dissolved gases in 
aqueous solutions. The atomic force measurements showed that the salt 
concentration affects the measured interactions. The results confirmed that range and 
magnitude of the short-range attractive force between the hydrophobic surfaces 
decreased with increasing salt concentrations. It is suggested that the decrease in the 
range and magnitude of the attractive force between hydrophobic surfaces is due to 
the decrease in the dissolved gas content of the solution caused by increasing the salt 
concentration of the solution. It was also observed that in different salt solutions, with 
matching gas solubility, the measured interactive force between the hydrophobic 
surfaces was similar. This suggests that dissolved gases in the solution govern the 
short-range attractive force between hydrophobic surfaces in the absence of 
nanobubbles.  
The interaction between hydrophobic surfaces was also studied in non-
aqueous solutions. Formamide and dimethyl sulfoxide (DMSO) were used as the non-
aqueous solutions. The dissolved oxygen content of the solutions was measured 
experimentally. Formamide and DMSO were chosen because of their difference in 
exhibiting different hydrogen network types. Formamide is a protic solvent, which 
unlike DMSO, has a three-dimensional hydrogen network similar to that of water. The 
atomic force measurements indicated an attractive force between hydrophobic 
surfaces in the formamide solution similar to that previously observed in aqueous 
solutions. No attractive force was found with AFM force measurement between 
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hydrophobic surfaces in DMSO. However, after mixing DMSO with water to 50% and 
75% of water mixed with DMSO, the atomic force measurements showed an attractive 
force between the hydrophobic surfaces. This suggests that the bonds in solution 
structure, such as the three-dimensional hydrogen-bonding of protic solutions, and the 
presence of dissolved gas molecules in the solutions can affect and control the 
interaction between hydrophobic surfaces. 
  
7.2. Recommendations for future works 
There are a number of recommendations for future works to extend the 
research beyond this thesis which can help to improve the understanding of the 
controversial origin of hydrophobic interactions. They include the followings: 
 Studying the interactive forces between solid hydrophobic surfaces in 
nonaqueous solutions. The available knowledge of the interactive forces 
between hydrophobic surfaces in nonaqueous solutions is still limited. Atomic 
force microscopy can be used to further study the effect of dissolved gases and 
solution structure in nonaqueous solutions. Further development of the 
theoretical models to explore the possibility of interfacial gas enrichment, 
combined with experimental investigations are recommended to study the 
interaction between hydrophobic surfaces in nonaqueous solutions. 
 Ellipsometry is an optical method which can be used to study the dielectric 
properties of the surface. IGE has been suggested as a possible mechanism of 
hydrophobic interactions. Ellipsometry technique is recommended to study the 
hydrophobic surfaces in different solutions to explore the possibility of the 
formation of a gas layer on hydrophobic surfaces. 
 Hydrophobic effect is recommended to be studied using the capillary tube and 
a high-speed camera. Surface hydrophobicity can be experimentally studied 
using a capillary tube and high-speed camera. The attachment between a 
hydrophobic particle and bubble in aqueous solutions can be captured and 
analysed. Similar to the AFM experiments, hydrophobized silica particles in 
different salt solutions at different concentrations can be used. The Silica 
particles are dropped on an air bubble in aqueous solutions, to capture and 
study the attachment of the hydrophobic particle and bubble. The aim is to study 
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the effect of dissolved gas, controlled by the salt concentration, on the 
hydrophobic interaction and the attachment of the particle and air bubble, and 
finally, compare and analyse the results with the AFM experimental results. The 
results can be used as further evidence of the effect of dissolved gases on 
hydrophobic interactions. 
 In-situ surface enhances Raman spectroscopy is recommended to probe the 
presence of the DGL in the vicinity of the hydrophobic surface. Using a large 
size (>10 µm) gold/gold-silver alloy colloidal particle in combination with in-situ 
surface enhanced Raman microscopy will allow monitoring spectral changes of 
hydrocarbon surface monolayer at narrow gaps. The presence of DGL 
manifests itself through changes in C-H and backbone C-C vibrations, which 
will be measured as a function of gap and gas solubility. 
 
